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PREFACE. 



The transmission of power by com- 
pressed air has, in this country, been 
chiefly confined to tunnelling and min- 
ing operations; and while some of the 
plants for the generation of compressed 
air are large, no single plant is of such 
capacity as that in the Central Station of 
the Paris Compressed Air Co., where 
there may now be 10,000 horse-power 
generating compressed air. 

A plant is to be erected at Niagara, 

N. Y., by the Niagara Power Co. There 

will be a central' s*?afion' Tor tW genera- 

tion of 5,i)G0 h.pl %y conlfpressed'air, and 

another for the generlatioA' 'of 5,000 h.p. 

by electricity; withUhe^ possible extension 

of either onfe 6f tEefee ;>-o^ Ihe-' amount of 

100,000 hor^e-^dwer? » T^his* pbwer will be 

distributed, as wanted, to the factories 

on the lands of the company; then to 
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an area within a two-mile radius. The 
radius will be increased gradually, until 
an area within a twenty-mile radius is 
covered. The deductions in Prof. Unwinds 
paper prove that power can be trans- 
mitted this distance without excessive 
loss of pressure, for he computes that 
air compressed to an initial pressure of 
132 pounds per square inch can be car- 
ried a distance of 20 miles in a 30-inch 
main with a loss of pressure of only 
12 per cent, and that from 40 to 50 per 
cent of the compressing power can be 
recovered in the motors if the air is 
used cold, and from 59 to 73 per cent if 
the air is reheated. 

The following papers give the data of 
and deductions from experiments made 
by emiuiiitr .atiUibritit^S:- oh^ the Paris 
system,*" dMdr Are presentecl^Jd^nhe reader 
in extenso, " 
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EXPERIMENTS UPON THE TRANS- 
MISSION OF POWER BY COM- 
PRESSED AIR IN PARIS (POPP'S 
SYSTEM). 

By Prof. Alexander B. W. Kennedy, 
F.R.S., M. Inst. C. E. 

The subject of transmission of power to 
a distance is one of such immense im- 
portance in an industrial country like 
our own, that I am sure I need ojffer no 
apology for bringing this paper before 
you. In a case such as that which I have 
to describe, where the distance to which 
the power is to be transmitted is great 
enough to be measured in miles, the pos- 
sible methods of transmission are not very 
numerous. Steam, water, air, and elec- 
tricity seem to be the only four agents 
practically available. All four have been 
used to a greater or less extent, and 
with more or less complete success. In 
our own country the distribution and 

use of high-pressure water has been car- 
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ried out with the greatest engineering 
skill and with correspondingly great 
success by the Hydraulic Power Com- 
pany in London, and also in Hull. 
Electric transmission (for traction at 
least) has been at work on a small scale 
for some time in various places, and is 
about to be tried on a much larger scale 
on the South wark Subway. In America 
it has been very widely used for traction 
on tramways, and on the Continent it 
has also been used to a certain extent 
for power transmission for general pur- 
poses. Steam has been used on a large 
scale in New York, but as yet its success 
does not seem to be unquestionable. 
Compressed air has, of course, been used 
over and over again in rough and un- 
economical fashion, in connection with 
tunnelling and boring work, but I think 
t)nly two practical attempts have been 
made to utilize it economically and ,on 
a large scale for industrial purposes. 
Of these two, one has been made in 
J^irmingham and the other in Paris. 
The liirniingham Compressed Air Power 



Company has established works on a 
ver}'- large scale, but various causes have 
unfortunately combined to cause delay 
in the commencement of its operations, 
which indeed are hardly yet fairly 
started. In Paris, however, the trans- 
mission of power by compressed air has 
been in operation on a somewhat large 
scale and with very great mechanical 
success for a few years past. I have 
recently had occasion to spend some 
weeks in making experiments in connec- 
tion with the Paris compressed-air plant, 
and have been given the fullest per- 
mission to publish the results of my 
experiments. To avoid any misimder- 
standing, I must premise that it is not 
my intention to institute any comparison 
between the different methods of power- 
transmission which I have mentioned. 
Such a comparison, to be of any value, 
would require for itself a paper at least 
as long as the one which I have to put 
before you, and is, therefore, in the 
nature of things impossible here. On 
this matter I wish to say only one thing, 
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in view of a recent discussion on the 
Hydraulic Power Company^s work in 
London, in which some comparisons 
were made between power transmission 
by air and by water. So far as I see, the 
two systems at present practically occupy 
different fields, and overlap but little. 
The work that each appears to do best 
is exactly that for which the other is 
least fitted. I see as little chance for 
air, just now, taking the place of water 
for hfts or cranes, as I do for water 
coming into common use in the driving 
of motors. I think it would be a pity 
if there were to be any impression that 
two systems were antagonistic which, in 
point of fact, rather supplement each 
othef. Having said this much, I will 
limit myself to a description of the 
plant and methods used in Paris, and to a 
statement of the actual results obtained 
there, as determined by my own experi- 
ments on' the spot. The plant and 
methods are by no means absolutely 
perfect; they are not only susceptible 
of, but are now receiving, considerable 



improvements in detail in the extensions 
which are being carried out. In what I 
have to say, however, I shall confine 
myself entirely to results actually ob- 
tained with the present plantj as it was 
working when I tested it two months 
ago, not giving it credit for the result of 
any of the improvements which have not 
yet been introdiiced throughout into the 
system of working. I shall only, after 
having given this statement of facts, 
state briefly my views as to the probable 
practical value of improvements wliich 
may be, or are being, carried out. 

The work now carried on by the Paris 
Compressed Air Company has developed 
from very small begiimings, at first 
slowly, lately very fast. It originated 
in a pneumatic clock system, which was 
started about 1870 with a small "central 
station" in the Rue St, Anne, in the 
centre of Paris, This business grew 
gradually until it became far too lar^ 
to be carried on from such a position, 
and a few years since a central station, 
with much enlarged machinery, was 
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established in the Rue St. Fargeau, 
which is in Belleville, about 4^ miles 
east of the Madeleine. There are now 
about 8,000 pneumatic clocks, pubUc 
and private, in Paris, driven from St. 
Fargeau, and regulated by a standard 
clock in the Rue St. Anne; but as this 
part of the work, although it originally 
formed the basis of the whole system, is 
now a comparatively very small part of 
it, and is of an entirely special nature, I 
do not propose to say anything further 
about it here. Until about two years 
since, a pair of single-cylinder horizontal 
engines by Farcot, and a beam engine 
by Casse, sufficed, for the whole work; 
but by that time the demand for com- 
pressed air for working motors had so 
increased that extension had become 
imperative, and the present working 
plant of six compoimd condensing en- 
gines, each working two air-compressors, 
with the necessary complement of boilers, 
was put down. This plant, except the 
compressors, was supplied from England 
by Messrs. Davey, Paxman & Co. of 



blcliester. The compressors for the 
^glish engines were made in Switzer- 
land on the Blanchod system. The 
(iemand for power is at present so great 
that, at certain hours of the day, practi- 
cally the whole plant, old and new, 
indicating considerably over 2,000 horse- 
power, is fully at work, and in conse- 
quence a duplicate main is being laid 
throughout, and new engines and com- 
pressors, half of them constructed by 
Davey, Paxman ife Co., and half by John 
Cockerill & Co, of Seraing, are being 
pushed forward as rapidly as possible. 

The general system of working is as 
follows: Fig. 1. The steam-cylinders (I) 
compress the air to a pressure of five 
atmospheres (six atmospheres absolute) 
or thereabouts in the compressor-cylin- 
ders (11). The air is drawn in direct from 
the engine-house, where I found it to be 
about 70 deg. Fahr., and after it has 
finally passed along the mains for some 
little distance it is again about the same 
temperature. It is therefore of the greaf>- 
est importance to prevent its temperature 
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rising during the compression, as all heat so 
taken up by the air represents work done 
in the steam-cylinders of which no part 
.whatever can be utiUzed. If the air 
were compressed adiabatically, i.e., with- 
out any cooling whatever, its temperar 
ture on leaving the compressor would 
be about 430 deg. Fahr., a temperature 




higher than that of saturated steam of 
300 lbs. pressure per square inch. At St. 
Fargeau water for cooling is allowed to 
run into the cylinders through the suc- 
tion-valve during the suction stroke, in 
such quantity that the final temperature 
is only 150 deg. Fahr. So far the result 
is ' satisfactory enough, but owing, im- 
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fortunately, to the particular way in 
which the cooHng water is utilized 
mechanically, the air does not get cooled 
until after it has been compresssed, so 
that practically no benefit is obtained 
from the cooling in spite of the extent 
to which it occurs. The power expended, 
as we shall see presently, is practically 
equal to what would have been expended 
had the compression been adiabatic. 
The quantity of air dealt with at each 
revolution is 47.6 cubic feet (for the pair 
of double-acting compressing cyhnders), 
which is equivalent to 3.55 lbs., the quan- 
tity of water used being about 2.4 lbs. 

After compression, the air, now having 
an absolute pressure of six atmospheres 
and a temperature of 150 deg. Fahr., is 
pushed into large boiler-plate receivers 
(III) of which some are arranged to act 
as separators, and in these a large por- 
tion of the cooling water, which has 
been carried along mechanically by the 
air,. is deposited and removed, before the 
air enters the mains (IV). The principal 
main is 300 mm. (11.8 in.) in diameter 
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and about f in. thick. It is of cast-iron, 
made in lengths perfectly plain at each 
end, and connected by a very simple 
external joint made air-tight by india- 
rubber packing-rings. This jomt leaves 
the pipe quite free endwise, and also 
allows all necessary sideway freedom, so 
that accidental distortion to a quite 
measurable extent is entirely without 
effect on the tightness of the joint. 
The mains are partly laid under road- 
ways and footways, and* partly slung from 
the roof of the sewer subways. They 
are supphed at intervals with automatic 
float traps for canying off the entrained 
water and the water of saturation, as 
they deposit. 

On entering a building on its way to 
a motor, the air is first passed through a 
meter (V) exactly as gas would be. The 
quantity passing is of course too great 
to allow anything hke an ordinary gas- 
meter to be used; indeed, only inferen- 
tial meters seem to have been at all suc- 
cessful. The meter actually in use in 
Paris is a small double cyUndrical box. 



The air passes by a branch through to 
the bottom of the inner box, up through 
it, down outside it between the two 
boxes, and away through a branch at 
the bottom opposite the inlet branch 
The whole measuring apparatus is a 
little four- or six-armed fan, with alu- 
minium or nickel vanes, placed near the 
bottom of the inner casing and com- 
municating motion by a light vertical 
steel spindle to a clock-work register, 
like that of a gas-meter, placed on the 
t<ip. The quantity recorded is simply 
the number of revolutions made by the 
Ian, or some proportional number, and 
this is turned into cubic metres by mul- 
tipUcation by an arbitrary constant, 
determined by direct experiment. Aa 
to the working of this meter I shall have 
sometiiing to say later on; it is the only 
type used by the Paris company, and 
serves in a very large number of cases as 
basis of )Dayment, 

After passing tiie meter the air is car- 
ried through a redueing-valve (VI) by 
which the initial pressure in the motor 
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is prevented from rising above a certain 
limit, which in practice appears to vary- 
between 3^ and 5^ atmospheres absolute, 
according to the size of the motor in 
proportion to its work. 

Between the reducing-valve (VI) and 
the motor (VIII) there is placed in all 
ordinary cases a small stove or heater 
(VII). This heater is simply a double 
cylindrical box of cast-iron, having an 
air-space between its outer and its inner 
walls. The air under pressure traverses 
this space, and is compelled, by suit- 
ably arranged baffle-plates, to circulate 
through it in such a fashion so as to com^ 
into contact with its whole surface. A 
coke fire is lighted in the interior of the 
stove, and the products of combustion 
are carried over the top of it, and made 
to pass downwards over its exterior sur- 
face, inside a sheet-iron casing, on their 
way to the chimney-flue. The heater 
for the motor on which I experimented 
(which indicated 10 to 12 horse-power) 
was about 21 in. in diameter and 2 ft. 
9 in. high over all. The use of the 



heater, and the extent to which that 
use is advantageous and economical, are 
matters on which I shall touch later. 

The motors used in Paris are, mainly 
of two types. Up to one horse-jjower 
or thereabouts small rotary engines, of 
a fonn patented by M. Popp, are used; 
into the details of these it is not neces- 
sary to enter here. They start very 
readily, are easily governed, are pni- 
\'ided with capital automatic lubrica- 
tors worked by compressed air, run at 
a very high speed, and are altogether 
very convenient. They use the air with 
little or no expansion, without previous 
heating, and have, of course, no pretence 
to economy in use of air. 

The larger sized motors, up to double- 
cylinder engines 12 in. by 14 in., which 
is the largest size used, are simply 
ordinary Davey-Paxman steam-engines, 
employed for air absolutely without any 
alteration or modification. These en- 
gines have, in most cases, automatic 
cut-off gear controlled by the governor, 
and can therefore easily work with the 
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largest economical ratio of expansion for 
the not very high available initial press- 
ure. I believe that in every case 
heaters are provided for these engines, 
although in some instances, where both 
power and refrigeration are required, 
they are used sparingly or not at all, in 
order to take advantage of the cooling 
due to expansion. 

After this short description of the 
general arrangements of the Paris com- 
pany's work I come now to the experi- 
ments which I made to ascertain its 
efficiency. Starting from the main 
engines at the central station, the par- 
ticular matter which I had to determine 
was the indicated horse-power which 
would be shown by a small motor three 
or four miles from St. Fargeau for each 
indicated horse-power expended by the 
main engines on the air which passed 
through that motor. The ratio thus 
obtained would be the total indicated 
efficiency of the whole system of trans- 
mission. This ratio is in reality the 
duct of a number of separate efficien- 
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cies, and the separate determination of 
these formed a necessary check on the 
value of the total efficiency. These 
separate efficiencies may be summarised 
as follows : 

1. Mechanical efficiency of main en- 
gines, or ratio of work done in com- 
pressors to indicated work in steam- 
cyUnders. 

2. Efficiency of compressors, or ratio 
of maximimi work which could be done 
in a motor by each cubic foot of com- 
pressed air at 70 deg. Fahr., to the work 
actually done in compressing that air. 

3. Efficiency of mains, or ratio in 
which the capacity of the compressed 
air for doing work is reduced by friction 
and leakage. 

4. Efficiency of reducing-valves, or 
ratio in which the capacity of the com- 
pressed air for doing work is reduced by 
the lowering of its initial pressure at the 
motor. 

5. Indicated efficiency of motor, or 
ratio in which the actual indicated work 
done falls short of the maximum work 
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which the quantity of air measured 
through the meter could do after passing 
the reducing-valve. 

The product of these five efficiencies 
is the total efficiency of transmission 
\vithout the use of a heater. When a 
heater is used the matter is somewhat 
more compUcated. All the ratios given 
above represent what may be called 
mechanical efficiencies, all of them have 
unity for their maximum attainable 
value. It is, therefore, not possible to 
introduce in direct combination with 
them a thermodynamic efficiency (ratio 
of additional heat supplied to additional 
work done), which has for its maximum 
value not unity, but 0.3 or some similar 
small value. This could only be done 
if the measurement of efficiency had 
started originally from the heat given to 
the steam instead of from the indicated 
horse-power, and this would have given 
numbers having a minimum of practi- 
cal value or convenience. Probably the 
best practical measure of the efficiency 
of the whole transmission, when using 
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heated air, is obtained by finding the 
equivalent in indicated horse-power at 
the central station of the coke used in 
the heater, and adding this to the indi- 
cated horse-power actually used- It 
would not be possible, by the expendi- 
ture of this or any other amount of 
indicated horse-power at the central sta- 
tion, to obtain the same results as by 
heating the air just before entering the 
motor, but that, of course, does not 
affect the question before us. 

The determination of the indicated 
horse-power of the main engines pre- 
sented no difficulty. I measured it on 
one pair of engines at different speeds 
from 21 to 44 revolutions per minute. 
At 31.5 revolutions per minute it 
amounted to 254.9, and at all speeds it 
was approximately 8.1 indicated horse- 
power per minute per revolution. The 
mechanical efficiency was sensibly the 
same at all speeds, viz., 84.5 per cent, as 
given in the table. There was no 
method available for ascertaining to 
what extent the real quantity of air 



delivered corresponded to the nominal 
volume swept through by the eoin- 
preaaor-pistons. The indicator-diagrams, 
Fig. 2, show no signs of leakage past the 
valve, but there are no doubt various 
possible leakages which would not show 
on the diagrams. In the absence of any 
direct means of determination, however, 
I have assumed that the compressor- 
cylinders delivered their full vohime, 
which corresponds to 348 cubic feet * of 
air per indicat-ed horse-power per hour. 
This air has a weight of about 25 lbs. 
It may be pointed out that the water 
injected practically fills iip the clearance- 
space at the end of each stroke, 

I have already pointed out that at 
whatever temperature the air b deliv- 
ered, it must fall to about its original 
temperature in the long length of mains 
'before it reaches the motora. It ia, 
refore, a simple matter to find the 
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maximum amount of work which can be 
done by the air delivered per indicated 
horse-power, for it simply amounts to 
the PV of the * air at six atmospheres 
absolute and at 70 deg Fahr., plus the 
work it can do in expanding adiabatic- 
ally to a pressure of one atmosphere, and 
minus the work necessary to expel it 
from the cylinder at that pressure and 
at the corresponding temperature.* In 
the present case I find that this work is 
equivalent to 0.52 indicated horse-power 
for an hour, so that the efficiency of the 
compressors is 61 per cent It will be 
seen from the diagrams that the com- 
pression curve falls only a little below 
the adiabatic, and as the area of the dia- 
gram is increased somewhat by the re- 
sistance of the discharge- valve, the work 
done is practically the same as if the 
compression had been adiabatic, and 

* In symbols, if suffixes 1 and 2 be used for the initial 
and final conditions of the air. if pressures be meas- 
ured in pounds per square foot and volumes in cubic 
feet, the maximum work possible, without addition of 

heat, is 

( Pi V, - P,V,>) \ --= 3.45( Pi V, - P2V2). 

y- 1 
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there had been no cooling at all. This 
matter I have already referred to. 

Fig. 3 shows graphically the relation 
between the quantities so far measured. 
If the area ABODE represents on any 
scale the work done in the steam-cylinder, 
the area ABCF represents on the same 
scale the work done on the air in the com- 
pressors. CB is an adiabatic curve, CG 
an hyperbola, so that AG represents the 
volume of the compressed air when it 
has fallen in the mains to the tempera- 
ture which it had initially at C. GH 
being again an adiabatic curve, the area 
AGHF (which is 61 per cent of ABCF, 
and 52 per cent of ABCDE) represents 
the maxhnum work which can be ob- 
tained from the air in a motor, the quan- 
tity calculated in the last paragraph. 

If it be assumed that the temperature 
in the mains is constant, then any loss of 
pressure, due to friction^ must be ac- 
companied by an exactly equivalent in- 
crease of volume. Thus if (Fig. 3) the 
pressure falls from A to K, the volimie 
incrc^asos from AG to KL, the point L 



lying on an isothermal through G. The 
loss of possible work due to such a reduc- 
tion of pressure is represented by the 
difference between the areas AGHF and 
KI.MF, in both of which the expansion 
curves are adiabatic. The change of 
temperature in passhig through a reduc- 
ing-valve is so small that it may be as- 
sumed without sensible error that the 
loss due to such a process may be calcu- 
lated in the same fashion. 

I determined the loss of head in the 
mains by a series of observations made 
simultaneously at known points in Paris 
Mid at St. Fargeau. The press lu-e-gauges 
having been carefully compared, 

id all the necessary corrections made, 
T found the loss of pressure to vary from 
0.35 to 0.25 atmosphere, according to 
the distance from St. Fargeau and the 
amount of air passing throi.igh the pipes. 
The average loss may be taken as 0.3 of 
all atmosphere at three miles from St. 
J]argeau, when the indicated horse-power 
B about 1,250 and the maximmn 
of the air in the mains about 



1,550 feet per minute. What proportion 
of this loss of head may have been due 

to leakage, and what the amount of 
leakage (if any) may have been, I had no 
means of deteniiining. The duplicate 
main to which I have referred is not yet 
completed, and it was impossible to iso- 
late any portion of the mains, even tem- 
porarily, to t«st for leakage. From the 
figiu^s I have given, as well as from the 
nature of the pipe-joint, I cannot doubt 
that the leakage must, under any circmn- 
stanees, have been extremely small. 

In the table I have given approximate 
values of the loss due to faU of 
in the mains and through the i ^ 

valve, with various values of the toti 
reduction of pressure. With a total 
duction of half an atmosphere the 
bined efficiency of mmns and valves 
0.96, reducing the maximum possibl 
work at the motor to 0.5 indicated horsed 
power per indicated horse-power at tfeft 
central statinji. rmlcT these conditions 

the niiiniii "■' 'd^umptinn of air 

'.IT at the motor 
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would be twice 348, or 696 cubic feet per 
hour. 

The motor on which I made most of 
my experiments was an ordinary horizon- 
tal Davey-Paxman engine, with a single 
cyhnder 8i inches in diameter and 12 
inches stroke, fitted with automatic cut- 
off gear. For convenience sake I tested 
it at St. Fargeau and not in Paris, but I 
used a pressure only of 4^ atmospheres, 
which pressure I found to be exceeded on 
branch mains 3^ miles from St. Fargeau, 
where I made later experiments. The 
position of the motor did not, therefore, 
put it under any conditions different 
from those existing in the centre of 
Paris. I made a large number of experi- 
ments on this motor, under various con- 
ditions, individual experiments lasting 
from four hours down to half an hour. 
I shall here give figures representing 
only the four most important of my ex- 
periments, two with cold and two with 
heated air, averaging the two experi- 
ments in each case, so as not to burden 
my paper with unnecessary figiues. 



i.f- 



I 



The motor, wbeu indicating 9,9 horse- 
power, and making about 125 revolutions 
per minute, used 890 cubic feet of air p 
indicated horse-power per hour. (Ita iito 
dicator-diagrama are shown in Rg. 4, 
their area being reprcsenti?d by KNOS 
in Fig. 3.) The work which this quantity 




lof air, at the given pressure and tem] 

is theoretically capable of doiiti 
i a piston, expaoding down to a.iA 
)heric pressure, is equivalent to 1.27* 
irer for an hour. The indicated 
f the mnlnr (the ratio express- 
,..■:■■.■ .1' cur\'es, by in- 
hack pressure, 
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etc.) is therefore 0.79. This figure gives 
lis a check on the ratios already worked 
out, for if they are right the air actually 

used should be — ~ times as great as the 

u . /y ^ 

696 cubic feet already allowed for. This 
would be 880 cubic feet, which represents 
of course a most satisfactory check. It 
will, however, be recognized that this 
agreement checks the figures only so far 
as they apply to air actually used, and 
would not be vitiated or in any way af- 
fected by losses by leakage. 

The vital measurement of all the ex- 
periments was, of course, that of the 
quantity of air used. The air was passed 
through one of the fan-meters already 
described, readings of which were taken 
every quarter of an hour. After the ex- 
periments were over air was passed 
through the same meter at exactly the 
same pressure, and in as nearly as pos- 
sible the same quantity, and then passed, 
at atmospheric pressure, through two 
large standard wet gas-meters. The 
readings of these were taken as correct. 



I 
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and the multiplier for the fan-meter i 

termined from them. I found from r 
meroiis experiments on several fan-me 
that this multiplier varied both witl 
pressure and with quantity, but that I 
latter variation was very small within the 
limits of my experiments. I hare no 
doubt that the air quantities which I 
shall give you are correct within about ^ 
per cent, plus or minus. 

It will be seen that the total indieatt 
efficiency of transmission, with cold -, 
is 0.39; in other words, that work reqn 
to be done at the rate of 2.6 India 
horse-power at the central station pet i 
dicated horse-power at the motor, 
motor was worked on a brake, and ; 
mechanical efficiency was found to 
0.67, so that in round numbers 4 ind 
lated horse-power were reqmred at Sfej 
"argeau per brake horsL'-powei 




the economy due to li 

using it, I used the 1 

nearly as possible I 

and speed, and with J 
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exactly the same pressure, but passing 
the air between the meter and the engine 
through such a heating-stove as I have 
ah-eady described. I weighed all the 
coke used, and read the temperatures 
every five minutes during a four-hours' 
trial. The air was heated in passing 
through the stove, up to 315 deg. Fahr., 
with a consumption of about 0.39 lb. 
coke per indicated horss-power per hour. 
As the admission temperature on the 
cold trials was 83 deg. Fahr.* only, this 
corresponds to an increase of about 42 
per cent in the volume of the air, and 
should therefore (had the indicated effi- 
ciency remained the same) have been ac- 
companied by a decrease of air consump- 
tion in the ratio — -r^ or 0.70. The air 

1.42 

actually used was 665 cubic feet per indi- 
cated horse-power per hour, which is 0.75 
of the 890 cubic feet formerly required, 

* This somewhat high admission temperature was 
the only point in which the motor at St. Fargeau dif- 
fered from those in Paris, where I found the admission 
temperature to be from 69 deg. to 71 deg. Fahr. 




8D that the fuD erousny is a"ctt Deariy ] 
naliaed. The indkatorKUagnuns 
sbown in Fig. 5, and uv represented by J 
KPQO in Fig. 3. An air consumption of I 
665 cubic feet per indicated boise-^wer.l 
p^ boiir corresponds to an indicated e 
raencj- o\-er the whole s>-stein of 0.52, i 



other wi^rds 1.92 indicated horse-p< _ 

IB required at St, Fargeau per indicatecn 

■iwr8e-p*.>wer at the motor. The mcchan-1 

tl efficiency of the mutur was very nmeh f 

■ hot than cold, rising to O.Sl. ] 

■ ab"-;' '." ;.-ii".ii,.,l horse-power at ] 

r:ike horse-power 



at the motor. These figures, however, 
take no account of the coke burnt in the 
heater, and are, therefore, only to be con- 
sidered as apparent efficiencies. Allow- 
ing for the value of the coke in the man- 
ner already described, the real indicated 
efficiency of the whole transmission is 

A shortet experiment with slightly 
higher temperatures and considerably 
larger indicated horse-power, gave still 
more economical results, the air consump- 
tion falUng to 623 cubic feet per indicated 
hnrsB-power per hour, an "apparent" 
indicated efficiency of 0.56. This experi- 
ment was not, however, of sufficient du- 
ration to allow of coke measurement. 

As to the value of the preliminary 
heating, the figures which I have given 
show that it caused a saving of 225 cu- 
bic feet of air per indicated horse-power 
per hour, at a cost to the consumer of 
about 0.4 lb. of coke per indicated horse- 
power per hour. I do not doubt that 
the stoking of the heater during my ex- 
periment was much more careful than it 
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would be in ordinary practice, although, 
on the other hand, it would not be diffi- 
cult to design a more economical stove. 
If, however, the coke consimiption were 
even doubled, it would only amount to 
72 lbs. per day of nine hours for 10 indi- 
cated horse-power, the value of which 
might be 6tl. or 7d. The air saved un- 
der the sanu^ circumstances would be 
over 20, OCX) cubic feet, the cost of which, 
at the high rate charged in Paris, would 
be 7s. 3d. There is no doubt therefore 
that to attain the maximum of economy 
the preliminary heating of the air should 
be carried as far as is practicable. 

Of course heating the air serves the 
purpose also of preventing any chance of 
the exhaust-pipe becoming ice-clogged. 
T foimd this to happen once or twice 
when working with cold air, its occurrence 
<l(^pending rather on the amount of 
moisture in the air than on the exhaust 
toni])oraturo. for the engine, after run- 
niiitr frooly with an exhaust of — 35 deg. 
Fahr., cliokcMl later on at +2 deg. Fahr. 
J {]() not tliink that in any case which I 
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met with there would have been any- 
trouble from choking had the exhaust- 
pipes been properly arranged. As it 
was, they were merely the ordinary ver- 
tical exhaust-pipes of a steam-engine, 
quite suitable for their original and for 
their intended pmpose, but singularly 
imfitted for the purpose to which I was 
putting them. 

Summarizing now the whole matter as 
regards efficiency, it may be said that the 
result of my detailed investigations is to 
show that the compressed-air transmis- 
sion system in Paris is now being carried 
on on a large commercial scale in such a 
fashion that a small motor four miles 
away from the central station can indi- 
cate in round numbers 10 horse-power 
for 20 indicated horse-power at the sta- 
tion itself, allowing for the value of the 
coke used in heating the air, or for 25 in- 
dicated horse-power if the air be not 
heated at all. T^arger motors than the 
one I tested (and there are a number of 
such in Paris) may work somewhat more, 
and smaller motors somewhat less, eco- 
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nomically. The small rotary motors 
would, of course, be much less econom- 
ical. The figures which I have given 
are, however, such as can be reached by 
any motor of between 5 and 25 indicated 
horse-power if worked at a fair power for 
its size. M. Victor Popp hiniself, and 
the engineers of the company, by no 
means content with the results already 
obtained, are experimenting in various 
directions with a view to greater economy, 
and I have not the least doubt that they 
wdll attain their end. But although I 
made several experiments on new appa- 
ratus, I prefer to leave their results here 
undiscussed, confining myself as strictly 
as possible to the work which has been 
already carried out and the economy rof 
actual present working, rather than giv- 
ing any credit for the result of improve- 
ments which, however certain they may 
be thought, are not yet actually carried 
out in practical work. 

A system of transmission which has 
actually been carried out on a large com- 
mercial scale in such a way as to have an 



■of 



indicated efficiency of 50 per cent be- 
tween prime mover and secondary motor, 
four or five miles apart, is one which 
needs no adventitious aids to commend 
it to notice, especially where its uses are 
so numerous and so varied, and its con- 
jyenience so extremely great, as are those 
compressed air. Both M, Victor 
Popp, who has organized and carried 
through the work of the Paris company, 
and Mr. James Paxman, who lias designed 
and made the greater part of the machin- 
ery used, are to be heartily congratulated 
on the results which have attended their 

While, however, I am unwilling to lay 
stress on possibilities which are not yet 
actualities, there can be no harm in say- 
[ that I have no doubt whatever that 
itb mere improvement of existing meth- 
ods and appliances, and without the 
adoption of any new or untried methods 
whatever, the new plant of the Paris 

Ky now being constructed can be 
1 have an indicated efficiency of 
cent instead of 50 per cent, and 






to give about 0.54 effective horse-power 
at the motor for each indicated horse- 
power at the central station, in the case 
of such a motor an that on which I ex- 
perimented. Under these circumstances 
the air used per indicated horse-power at 
the motor would be 520 cubic feet, or 
650 ciibic feet per brake horse-power, I 
have the less liesitation in giving these 
hjTTOthetical figures becaasc the more im- 
portant imperfections of M. Popp'a trans- 
mission system arise from such a very 
obvious cause. Nothing, indeed, can be 
easier than to point out various WB»3i. 
points m the arrangements adopted, a 
yet, in spite of all such somewhat o" 
criticism, the fact remains that no i 
has yet carried out a compre 
transmission with anything approact 
to the same success on anything like t 
same scale. The fact is that the succ« 
of the system has been essentially ( 
rather to the practical good sense v. 
wliirii the work has been carried through 
novelty in the meth-^ 
' air-compressing j 



rangements at St. Farg<^au arc in no re- 
spect novel or specially perfect; they had 
been used over and over again before; 
there is no special advantage in M. Popp's 
rotary motor that may not probably be 
possessed by many other rotary motors; 
the larger motors are simply good ordi- 
nary steam-engines, such as can be bought 
any day in open market, used without 
the slightest alteration. Of the fan-meter 
it can only be said that it works well 
enough to allow progress to be made 
vt^hile it is bei.ig improved, and even of 
the coke stove one would not like to say 
very much more. The plan of heating 
compressed air before using it in a motor 
was first proposed many years ago. The 
great success which has attended the 
work in Paris has been attained because 
its directors have wisely chosen rather to 
set to work with imperfect apparatus, if 
only it were simple, fairly effective, and 
ready to hand, than to wait for the pos- 
ible invention of novelties and improve- 
or to risk the succera of tJieir 
t by the use of any unknown or un- 
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tried apparatus, however promising its 
nature. They have had, moreover, the 
great advantage hitherto of being always 
asked for more air than they could sup- 
ply, so that their works have grown and 
increased simply to meet a growing and 
increasing demand, and (fortimately per- 
haps) the urgency of the demand has left 
them no alternative but to meet it by the 
very simplest possible means. 

I have already mentioned the great 
convenience and handiness which a com- 
pressed-air motor possesses. From the 
engineer's point of view these qualities 
are most striking. The engine starts, 
for instance, without the least hesitation 
even with full brake load on, directly the 
valve is opened, if the crank is just past 
the centre. This, of course, is impossible 
with a gas-engine, and hardly less impos- 
sible with any ordinary (single-cylinder) 
steam-engine. The absence of the heat 
and leakage, and of the noise and smell, 
which so often in greater or less degree 
accompany the smaller steam or gas mo- 
tors, constitute a very much larger dif- 
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ference than could at first be thought 
possible. But from the consumer's point 
of view the advantages are even greater 
than from the engineer's. There is, 
first of all, the complete absence of dan- 
ger and of nuisance of every kind. There 
is then the great saving of space, even as 
compared with a gas-engine, and much 
more as compared with a steam-engine 
and boiler. There is reduction of insur- 
ance on account of the entire absence of 
fire risk. Not only this, but the air mo- 
tor seems to me completely to supply that 
most important industrial want, a motor 
suitable for "small industries,'' that is, 
for work carried on in workmen's own 
houses, or in very small workshops. For 
here it is not only mechanically most 
suitable, but in the nature of things it 
can be made to cool or ventilate, by its 
exhaust, to any desired extent. The 
sanitary advantage of this, in cases where 
work is carried on in confined spaces, 
can hardly be exaggerated. Even in a 
very large printing-office in Paris I found 
an almost unbearable atmosphere made 
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quite pleasant as long as the motor was 
working, by allowing a portion of the ex- 
haust to come into the room. 

By using air direct from the mains in 
the motor, or by heating it only very 
slightly, the exhaust air can be, of course, 
so greatly reducei! in temperature as to 
be available for freezing purposes. In 
one Paris restaurant, for instance, whith 
I visited, I found that the exhaust was 
carried through a brick flue into the beer 
cellar. In this flue the carafes were set 
to freeze, and large moulds of block ice 
were also being made for table use, while 
the air was still cold enough in passing 
awjiy tlmnigh the beer cellar to render 
the use of ice for cooling quite unneces- 
Siiry, e\-en in the hottest weather. The 
ml function of the engine in this 
wii.i tlie charging of batteries used in 
I'leclric lighting of the restaurant. 
iMujoint use of power and cold is 
iiion in I'aris, the power being in this 
m'tienilly applied in electric-hght- 
U'hilo in any large city such as 
lubt a great point that 




47 



by a compressed-air system the handiest 
possible cooling appUances can be brought 
everywhere within reach, in tropical 
climates this is something rather of ne- 
cessity than of luxury. In such cases we 
might have the apparent paradox of a 
motor worked essentially for its exhaust: 
the work done would be a bye-product; 
the cold air would be the principal thing. 
In such a case, if there were no useful 
work to be done, the motor could even 
be made (as has been suggested to me) 
to pump air back into the main, and thus 
virtually to about halve its air consump- 
tion. This possibility of *' laying on" 
cold air in hot climates is, of course, a 
most important matter in connection 
with the future of compressed air. 
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Table. 
Sumnuinj of Efficiencies of Compressed- 
air Traruimission at Paris, 1889, be- 
tween the Ccfitral Station at St. Far- 
geau aiul a 10 Horse-power Motor 
tvorking in'th Pressure reduced to U 
Atmospheres. 

(The ficures below correspond to mean results of two 
experiments cold and two heated.) 

1 indicated horse-power at Central Efficiency of main 

Station gives ().S4,') indicated engines 0.845. 

Iiowe-power in conipress<jrs, and 

QOlTMPonds to the compression 

of 348 cubic feet of air per hour 

from atmospheric pressure tu 

^ atmospheres a})sr)lute. (The 

^ffffht of thit4 air is about 25 lbs.) 
Qj^ indicated horse-power in Efficiency of com- 

QOiopreflBors delivers as much 0.52 

^ M will do 0.')2 indicated ^^^^^'"oisis" 

l^,0^K>wer in adiabatic expan- 0.61. 

gjon ^ter it has fallen in teniper- 

Aiuro ^^ *^® normal temperature 

jrfth»ro«n»- 

•Mm fall of pressure in mains be- Efficiency of trans- 

*°*^P Ontral Station and Paris mission through 

1^3 milM) reduces the possi- 0.51 

Shv of work from 0.52 to 0.51 '''^'"''' 0:52'' 

rjjj^ed horse-oower. 0.98. 



iTrthBr ^^ °' pressure through Efficiency of re- 

1** ^^oeing valve to 4^ atmos- during valve 

lb* *^^ ,-t ^mospheres abso- 0.50 

P^--h«la ihB possibility of 0:51 '""•^**- 



i^^r^iMi^ojio. 
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The combined efficiency of the mains and 
reducing valve, between 6 and 4^ atmos- 
pheres, is thus 0.98 X 0.98 » 0.96. If the 
reduction had been to 4, 3^, or 3 atmos- 
pheres the corresponding efficiencies 
would have been 0.93, 0.89, and 0.85 re- 
spectively. 
Incomplete expansion, wire-draw- 
ing, and other such chuses re- 
duce the actual indicated horse- 
power of the motor from 0.60 to 
0.39. 



Indicated efficien- 

. , 0.39 
cy of motor "q"^ 

-0.78. 



Indicated efficien- 
cy of whole pro- 
cess with cold 
air 0.39. 
By heating the air before it enters Apparent indicat- 



-1.38. 



the motor to about 320 deg. Fahr., 
the actual indicated horse-power 
at the motor is, however, in- 
creased to 0.54. The ratio of gain 
by heating the air is, therefore, 
0.54 
0.39' 

In this process additional heat is 
supplied by the combustion of 
about 0.39 lb. coke per indicated 
horse-power per hour, and if this 
be taken into account the real 
indicated efficiency of the whole 
process becomes 0.47 instead of 
0.54. 

Working with cold air the work 
spent in driving the motor itself 
reduces the available horse- 
power from 0.39 to 0.2Q. 

Working with heated air the work 
spent in driving the motor itself 
reduces the available horse- 
power from 0.54 to 0.44. 



ed efficiency of 
whole process 
with heated air, 
0.54. 



Real indicated effi- 
ciency of whole 
process with 
heated air, 0.47. 



Mechanical effi- 
ciency of motor, 
cold, 0.67. 

Mechanical effi- 
ciency of motor, 
hot, 0.81. 



Most of the compreaaed air in Paris »■ 
used for driving motors, but the worfc 
done by these is of the most varied kind, 
A list which I have gives the locaUtyr 

use, and power of 225 installations, nearly 
all motors working at from J horae-pow^ 
to 50 horse-power, all driven from St- 
Fargeau, and the great majority of th«in| 
more than two miles away from it. In < 
number of cases the motor drives dynamo 
machines for electric lighting. In ih 
offices of the Figaro and Petit Jouma 
large motors are also used for printiog 
■and there are many small i)rinting e 
lishments also worked by compreaaed a 
Among the smaller industrial 
for which the air motors are used in 
ris, I find the driving of lathes for n 
and wood, of circidar saws, 
machines, drills, polishing-machines, { 
many othere. They are used also in t 
workshops of carpenters, joiners 
cabinet-makers, of smiths, of umbrella 
makers, of collar-makers, of bookbinders, 
;in.] iiiUurally m a groat many places 
jnefi are used, bulb by 
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(Iressmakera, tailors, and shoemakers, and 
from the smallest to the largest scale. 
They find application also in all aorta of 
iudustrial work, with confectioners, coffee- 
roasters, color-grinders, billiard-ball mak- 
ers, in many departments of textile in- 
dustry, and other matters too numerous 
to mention. 

I may mention one particular instance 
of variety of apjjlication which interested 
me much. At the "Montagnes Russes" 
I found a large horizontal engine placed 
in a recess driving a dynamo and cells 
for the electric Ugh ting of the whole 
building; a small vertical engine in an- 
other place worked the rotary pmnp, 
which actuated the "cascade;" two or 
three large air-driven fans in wooden 
shafts served for ventilation ; and lastly, 
a simple connection on a flexible pipe 
threw the air-pressure into the beer-bar- 
rels as they were brought in, and trans- 
ferred their contents to a height from 
which they couhl afterwards descend 
by gravity to the place where they were 
required. 



As to the rate at which the compressed 
air is sold , I believe that in most of the 
larger installations the work is done by 
contract (at so much pcrlamp-hour in the 
case of the electric lighting), but in the 
smaller ones the air is charged for by 
meter. The rate of charge is 1.5 centimes 
per cubic metre ( = Si c. per 1,000 cubic 
feet) for air used in motors and 2 c 
times per cubic metre ( = ll-i^. 
1,000 cubic feet) for air used direct^ 
Air used for raising fluids is chained t 
cording to quantity raised. The f 
rate is equivalent ito 4.2.5d. ( = S.6c,) | 
1,000 cubic feet (the volume a 
being measurcfl at atmospheric preegui 
In addition to this, a fixed charge of £ 
100 to 250 francs ( = 820.00 to $50.0 
is made for pipes and connections, . 
small rent for the motor, if it be i 
bought outright. 
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THE TRANSMISSION ANT) DISTRI- 
BUTION OF POWER FROM CEN- 
TRAL STATIONS BY COMPRESSED 
M AIR. 



In 1888 the author eommunicatcd to 
the Institution a short paper on "The 
Trajismisaion of Power to great distances 
by Compressed Air." * In that paper 
the loss of pressure in air-mains and the 
efficiency of transmission were discussed, 
it is believed, with more theoretical 
completeness than had before been at- 
tempted. It was not within the scope 
of that paper to deal with the efficiencies 
of compressors an<i air-motors, and in- 
deed at that time very Uttle trustworthy 
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wcprrimental infomiatioQ was avdl&ble 
IS to the waste of work in air-machinery. 
However, for the purpose of examining 
the practical bearing of the general 
equations obtained, it was necessary to 
assume efTicicncies for the compressors 
and lur-niotors, and some special cases 
of transmission of power were examined 
in detail. It may now be said that the 
assumptions made were not very inex- 
act, for such systems of 'compressed, air 
distribution as were in operation at that 
time. In 1889 Professor A, B. W. Ken- 
nedy made careful experiments on the 
j^fBtem at work in Paris. He has pven 
a Biunmarj* at the end of his paper of 
til tJie losses of work which he foui),d toj 
occur in one ease which was completely 
investigated. Air compressed at ihi 
central station, St. Fargeau, to six at-- 
mospheres (=88.2 lbs. per square ineh), 
VTH transmitted 5 kilometres ( = 3.1 

pressure to four and 

( = 66.15 lbs. per 

cold in an air- 

iH.P. It was found 




that for 1 indicated H.P. expended in the 
steam-cylinder of the compressor, only 
0-26 effective or brake H.P. was obtained 
at the air-motor. That is, the combined 
efficiency of compressor, main, and motor 
was 26' per cent. Now, in the author's 
paper it had been calculated that with 
initial compression to 58.8 lbs. per square 
inch absolute, and transmission a dis- 
tance of a mile, the combined efficiency 
of compressor, main, and motor might 
range from 0.33 to 0.39 according to the 
size of main adopted. These results 
are rather better than that found by 
J'rofessor Keimedy in the case which he 
ined. There is little doubt, how- 
rer, that the air-motor experimented on 
• by Professor Keimedy wasted power by 
leakage. 

During the last year or two the sys- 
temfi of com pressed -air distribution in 
8 and Birmingham have been greatly 
, anil similar plans for power- 
ibutiou in Dresden, Berlin, Vienna, 
t.fmd other towns have been pro- 
Amongst the schemes submitted 



I 



to the International Commisaion for tl 
utilization of Niagara, there were thn 
in which the power was to be distribut« 
by conipres9e<i air. Hence the indui 
trial importance of this system may no 
be coneidered as fully recognized. 

Compressed air has often been used i 
transmitting power in mines and fo 
tunnelling operations, where rough i 
chinery is generally adopted, and v/i 
economy of power is not very importao 
It ia not surprising that in many i 
cases extremely imperfect coRjprec 
and air-motors have been used, 'vA 
although they did the work requirej 
wasted power extravagantly. It i 
such experiences that an opinion fai 
arisen that the efficiency of compressed- 
transmission is very low. Better r 
have been obtained in the large sys 
for distributing power by compressed 8 
in Paris and Birmingham. But it ha 
^rtunate that the ty] 
adopted 
'. B high efficiency 
wr-motors als 



were extremely bad. All the older corn- 
pn?S8ors at Paris, and the large ones at 
Birmingham, are single-stage compress- 
ors, with very inadequate means of cool- 
ing the air during compression by water- 
jackets. At Birmingham the air is 
delivered into the mains at nearly 280" 
Fahrenheit, and practically the whole 
work expended in heating the air is 
wasted. 

Now it has been known for a dozen 
years at least that spray injection into 
the cylinder is more effective in cooling 
the air than a water-jacket. There is 
also a much more powerful means of re- 
ducing the temperature of the air dur- 
ing compression. By compressing the 
air in two or more stages, and cooling it 
between the stages, the work expended 
in heating can be very greatly reduced. 
As early as 18S1 the Norwalk Ironworks 
Company, Connecticut, U. S. A., con- 
structed compound compressors, with an 
intercooler, with great advantage. Quite 
recently compound compressors have 
been made for the Paris system from the 
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designs of Professor A. Riedler, of Ber- 
lin, with the result that two thirds to 
three fourths of the work expended il| 
uselessly heating the air in the oldi 
machines in Paris is saved. At the s 
time investigations have 
out on the air-motors in iise in Pax 
which show that in tlie construction i 
these also a considerable increase 
eificiency can be secured. 

In reconsiilering the problem of i 

tributing power by compressed air, 

pccially in conneetion with the Niaj 

scheme, the author found nothing , 

the general method given in hia 

paper which required revision. 

numerical results nee<l correction ii^^ 

of the improvements recently i 

Hanllj' any accurate experimental ( 

were available two years ago. Now t 

y.-v. valuiililf th-atl-^e of Professor IU« 

■ iilfs of observft- 

' ii-is, furnishes i 

■"■riniental resulta^B 




both on the resistance of mains and the 
waste of work in compressors and air- 
motors. It appears worth while' to re- 
examine the conditions of distribution 
of power by compressed air in the hght 
of these new experiments. 

Loss OF Pkbssurf: in the Air-mains. 

Hitherto infonnation as to the resist- 
ance of air-mains has been scanty. The 
best experiments were those made by 
Mr. Stockalper on the pipes of the bor- 
ing maehines at the St. Gothard Tun- 
nel. The new experiments carried out 
by Professor Ricdler and Pn)fessor Gut- 
ermHth ou the air-mains In Paris are 
therefore of great value. The Paris 
mains are larger than any hitherto tried, 
and by coupling up different mains at 
night, a length of lOi miles coidd be ex- 
perimented on. 

The main for the older Paris eompresa- 
ing-station consists of cast-iron pipes 11 J 
inches or 0.98 foot in diameter. It was 
laid partly in the sewers, which involved 
the use of many bends, Part of the 



main in the Rue de Belleville is known 
to be leaky, and there are numerous 
draining-boxes, siphons, and stop-valves 
which cause resistance. In a more per- 
fccily arranged main, no doubt, the loss 
of pressure would probably be somewhat 
less than in this old one in Paris. In 
the folIon-iDg investigation Professor 
Riedler's results are used, but the reduc- 
tions from them and the conclusions de- 
duced are the author's. The formula 
for the flow of air adopted is that given 
in the author's paper on "The Motion 
of Light Carriers in Pneumatic Tubea.*" 

Formula for the Flow of Air in Long 
Pipes. ^Let D be the diameter and L 
the length of a pipe in feel; v the vft- 
locity of the fluid in feet per seeondf 
fc f the coefficient of friction, and H ths' 
l^ead lost measured in feet of fluid under 

i given conditions. Then if the Suid 




i'his formula may be used for the flow 
of air in pipes, and indeed has been so 
used by Mr, Stoekalper and others when 
the variations of pressure and density 
are small, so that mean values can be 
taken and the variations neglected. 
Professor Riedler uses this equation also, 
but with the artifice of dividing a long 
main into portions calculated separately 
i method very cumbrous and not very 
Curate. 

tWhea air flows along a pipe there is 
saarily a fall of pressure due to the 
ince of the pipe, and consequently 
! volume and velocity of the air in- 
going along the pipe in the 
(tion of motion. The effect of the 
(Dee is to create eddying motions, 
i they subside, give back to the 
i: heat equivalent of the work ex- 
1 .in producing them. The result 



is that, apart from conduction to exter- 
nal bodies, the flow b isothermal. Gen- 
erally, in compressed-air systems, the air 
is delivered into the mains at a tempera- 
ture above that of the ' surrounding 
earth. The excess of heat is parted 
with by conduction, and the temperaturp 
falls to that of the ground, but no lower, 
for there can then be no further loss of 
heat by conduction. 

Let P = the absolute pressure of the 
air in lbs. per square foot; 
T = the absolute teniperatiu^ : 
G = the weight of the air per 

cubic font in lbs. 
V = the volume of the tur 
II). ill cubic feet. 
Then 

PV=| = cT. ... (1) 

where C^M.lo for air. Taking the 
leroptful-""' '"'f *MJ° F."threnheit, so that 
T-4« 

->T^ 27,090. . . (2) 
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If air is flowing steadily in a pipe, the 
same weight of air flows across every 
transverse section per second. Hence, 
if W is the weight of air flowing per 
second, £1 the area of a cross-section, at 
which the velocity is u, 

W=GQw= constant; . . (3) 

combining (1) and (3), 

au?=cTN. . . . (3a) 




a;a/ a,a, 

Fig, 1 represents a short length dl of 
an air-main, between transverse sections 
A^, Aj. Let d be the diameter, D. the 
cross-section, m the hydraulic mean radius 
of the pipe. Let P and u be the press- 
ure and velocity at A^, P + dP and 
u+du the same quantities at Aj. Let 
W be the weight of air flowing through 
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the pipe per seeoiid. The units are feet 
and lbs. 

If in a short time dl the mass A^A, 
comes to A(,'A,', then A„A,'=-udi and 
A^A^' = (u+<iu)(U. 

By analogj- with Uquids, the head lost 
in friction, measured in feet of fluid, is 



lelH- 



; then the head lost is 



CH- 



and since W di is the flow through tha 
space considered in the time dt, the i 
eicpended in friction is, 



Tlie change of kinetic energy in th^ 

i,n.. ,11 U il... .lifference of the kineti* 
.ind A,A,'; that is, 



"' ,..iu<ir=\\<iii(li. 



The work of expansion of D.udt cubic 
feet of air ia ^{u + du) dt, at a pressure 
initially P, is £l?dudl. But from (3a) 

cTW 

du_ .cTW 
dl'~ np-" 

and the work rlonc by expansion is 



The work done by gravity is zero if the 

B is horizontal, and in most cases may 

I neglected without great error. The 

rark of the pressures on the sections 



P/2ud(-(P+dP)0(u+rfw)(fl 
= -(ma-\-udP)ndt. 




it if the temperature is constant, 
constant, 
PdM+urfP=0, 



e work of the p 

ing together the quantities of work 
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and equating them to the change of ki- 
netic energy, 

cTW H 

r m 

cT H 

dR cT,„, dl „ 
H+HP'^l'+C-=0. . . (4) 



] 



But 



cTW 



~2g~2gn^F^' 

H cTW^ ^m 

For pipes of imiform section /2 and m 
are constant, for steady motion W is con- 
stant, and for isothermal flow T is con- 
stant. Integrating, 

log H + ^^^ 4- C- = constant. (5) 

For 1=0, let H = Hi and P=Pi, 
'' ; = L,letH = H2andP = P2, 
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where P^ is the greater and P2 the less 
pressure. By replacing H^, Hj, and W, 

Hence the initial velocity in the pipe is 

/ ( gcT(P.'-P,') J . 

vlp.■(c^.os|-;)|■ 

and when L is great, log :— is compara- 



^2 



tively small compared with the other 
term in the bracket. Then 

For pipes of circular section wi=-, 

where d' is the diameter in feet. Let cT. 
= 27,690, and let p^, p^ be the pressures 
in lbs. per square inch. Then 

«,=/ 1 222,900^ ^£1^}. (7a) 

This equation is easily used. In some 
cases the approximate equation 



u,- 1.1319-0, 7264a 



^/(. 



may be more convenient. 

If the terminal pressure p, is required 
ID tenns of the initial pressure p„ then 



P.= /'./jl 



222tJWid' 



\. . (9) 



If from a sei 
be found, 



s of experiments ^ La to 



2,900 






(H 



\ 



Before prececding to calculate the 
value of f from the experiments of ] 
fessor Riedler and Profeasor Gutermutl^ 
on the Paris mains, it is necessary to ex- 
amine the corrections tn be made 1 
leakage and the special resistances of t 
draining-boxes. 

Loss of Air by Leakage from the JIf oifb 

Sjii'iial I'^jifriiucnts were made by 

Pn pfffi-^"'' Hi'''ll('r and Profeasor Guter- 
muthto dct'-'i'mine the leakage 1 

the old Paris niaiu. These 
^mng result : 





I. 


II. 


m. 


IV. 


V. 


VI, 




e: 














a 








. S6 






.m 


i 


°4 


i 


ill 


1 




Mt 


3 


■^1 
as 




III 


1 




m 




.S5 


rs^ 






e 




E 


^a| 


1 




5£^ 


!_ 


l-s 


■i 


|5k 


S 




S 


!3 


•M 


X 




''S^!"! 


5.60 


10.69 
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0.87 


0.34 
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pressure 


a. 5 


6.9 
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6.7 


6.0 
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6.43 
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5.0 
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It is stated that during trials I, 11, 
aiul I\' considerable leakage was known 
to exist at the Central Station and the 
Hue lie Helleville. In all the trials the 
air eonsiiined by the clock system and 
somo small motors not stopped is included. 
HoductHl. as shown in the last line, the 
results aiv consistent if it is assumed that 
tlu^ U^ikage was really greater in the sec- 
tions inchuUnl in I, II, and IV than in 
till* othrr sections. 

Now. with an initial gauge-pressure of 
6 atmospheres anil an initial velocity of 
l]() feet per second, the main wbuld deliver 
about ()()().()()() cubic feet of air per hour, 
reckoned at atmospheric pressure. Then 
the percentage of loss by leakage per naile 
per hour would be as follows: 



Por cent 
of air lost 
l)y leak- 
age per 
mile per 
hour 



I. 



1.00 



II. 



1.05 



m. 



0.38 



IV. 



0.91 



V. 



0.40 



VI. 



0.38 



Pmfesaor Riedler believes that in newer 
and better-laid mains the leakage is 
considerably reduced. In any case it ap- 
pears that the loss is small and practi- 
cally can be neglected except in very long 
transmissions, at least when the main is 
delivering a full supply. It should be 
remembered, however, that the leakage 
is proportionately greatest in those hours 
when the pressure has to be maintained 
in the mains, but the demand for power 
is small. Where the demand for power 
is very variable this loss might become 
an appreciable factor. Looking to the 
uncertainty as to the amoimt and law of 
variation of leakage in different cases, it 
will be neglected in this investigation, 
taking the experiments above referred to 
as a proof that it is not a serious quantity 
oven in the Paris installation, and that in 
newer mains laid with the experience now 
gained it would be still less importajit. 

Correction for Loss of Pressure at 
Draining-tanks. — In some of the mains 
experimented on by Professor Riedler 
there were draining-tanks at which there 
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was a sensible loss of pressure. The re- 
(iisiaiicc at such a receiver must be an«l- 
op>us to liie loss at a sudden enla^ 
tiii'iii iif a pipe, and we may therefore 
\vriii\ if JIQ is the pressure loet, p the 
alvMihUf pr^-ssure of the air, and v its 
wl-vity 



«1>i>iv ^j is the coefficient of rerastuice 
1,1 Iv ili'tiTiuiiu^l by experiment. Some 
(•\l>eriitu'nis were made by Professor 
Kieiller im th<'se draining-tanks. The 
fiilliiwinf: table jrives the results and the 
e:ileiil.tlisl vjlhie of ;,: 
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CUauM«<l 


'■'""""' 


•"mV.;,:" 


Dnininti- 


VmliK, of i^ 






.-nk.». 
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I'.Vl l"T 








!<-ivmil. 






1(11 t\ 


m r. 


O.M 


0.00002363 


ll>l 1 




0,ft5 


0- 00002527 




L'S .'. 


2.42 


0.00003543 


llHI 11 


:;i -jr. 


2,14 


0-00003404 


urj (1 


ts.:!A 


1.00 
Ntenn . . . 


0.00002943 


0.00002956 



These figures are fairly accordant, and 
the loss at each draining-tank may be 
taken as 

?e = 0.0000;};>!'=. . . (11) 

Experiments by Professor Riedler and 
Professor Gutermuth on the Resistance 
of the Paris Air-Mo ins,— The old air- 
mains of Paris consist of cast-iron pipes 
:}0 centimetres = 1 1 J inches = 0.98 foot 
in diameter. It was on these that the 
experiments were made. For the new 
station wrought-iroii pipes of 20 inches 
diameter are being used. The impor- 
tance of these experiments lies chiefly in 
the large scale on which they were carried 
out. Tlie volumetric efficiency of the 
compressors was first determined. Then, 
at different points on the pipe-hne, the 
pressure was observed when the compres- 
sors were running at known speeds. On 
Sundays the whole pipe-line could be 
coupled up, all work in the city being 
stopped. The air then passed through 
the southern main and back by the 
northern main, a distance of 10 miles. 




The main is somewhat complicate 
iiig bpcn ronstnicted piecemeal 
the graihial extension of the 
In the lO-mile length there 
draining-tanks, twenty-three dra 
traps or siphons, and forty-two 
valves. The resLstance of these 
eluded in the observed result*. 
pears, however, that the most i 
additional resistance wao that ( 
draining tanks and as special ^ 
ments nere made on these their j 
ance can be estimated ^Mth very ap 
mate accu^ac^ and allowed for 

The following table give^ the i 
of the e\permienti reduced to S| 
measures The columns marked wi 
astensk are those taken directly 
Professor Riedler's Tables The at 
are deduced from his hgiires 

The last column guts the values 
calculated li\ i lu iti n (10) 

1 will U M 1 l! t lilt \ahiDs of ^ 
fvCQiibisttuit, con&idermg the rtiffic 
~ '" ^3^e discrepj 
sly due j 
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Initial 
Pressure 

in Lbs. 

per 
Sq. Inch 

(Adso- 
lute). 


* 

Termii 

Pressu 

in Lb 

per 

Sq. Ini 

Pa 
(Abs4 

lute) 


Initial 
Velocity 

in 
Feet per 
1 Second 

V,. 
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1 

1 

1 

i 
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106.6 
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119.4 
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116.1 
119.4 
114.4 
119.4 
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107.7 
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HI. 
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107. 

110. 
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! 10.99 
; 16.55 
10.83 
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17.82 
20.68 
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14.31 
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0.00316! 
0.002801 
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0.00449 
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0.00214 
0.00184 
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incoDsistendes in the data of the experi- 
ments. For instance, experiments XIII 
and XrV were made on the same main at 
nearly the same initial pressure. In XIV 
the velocity was sensibly grt'ater than in 
Xin, but the loss of pressure is much 
greater in XIII than in XIV. 

Priifossor Riedler appears to believe 
that his experiments on the Paris main 
show that the friction of air in pipes is 
considerably less than it was believed to 
be from the results of earlier experiments 
on a smaller scale. The author does not 
think that this is so, but that, on the 
contrary, when properly reduced they are 
consistent with previous results, and that 
all the known experiments fairly support 
each other. In a paper on the Coefficient 
of Friction of Air flowing in Ions pipes,* 
it was shown that Mr. Stoekalper's ex- 
periments gave the following results: 
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These experimpnts, as well as Bome 
others given in that pa,per, show that the 

value of ^ for air as well as for water dp- 
creases as the size of the pipe is larger. 
Though experiments on the flow of air 
are not numennia enough to furnish any 
very trustworthy law, the author gave in 
1S80 the following expression for the 
value of (;: 

C-0.0027(l + ^,). ■ 

This gives the following values for f, 
i- 

Pipe 0.492 foot diameter . . . .0.00435 

" 0,6SS " '■ 0,00393 

" 0.980 " " ....0.00351 



^^oh are only a Uttle different 
those dedurert from Stockalper'a i 
Eiedler's oxporinicnts. 

Bounding off slightly the mean 
ir Riinller's results, it will be 
In the remainticT of this paper 
"owing in pipes of not les§ 
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than 1 foot diameter, ^=0.003. Putting 
this value in equations (7a) and (9) 

u,=\/{ 74,300,000^ ^-^^^ } , (12^ 

^=V{l-74,300,000d'}- • ^^^^ 

Loss of Pressure per Mile of Pipe. — 
In order to indicate what kind of results 
this formula leads to, the following cases 
have been calculated: 

1. Given the diameter of the pipe, and 
the initial pressure and velocity of the 
air entering the main, it is required to 
find the loss of pressure in 1 mile of 
transmission. By simple transposition, 
putting L=5280, 

Assimiing initial velocities of 25, 50, 
and 100 feet per second, and initial press- 
ures of 50, 100, and 200 lbs. absolute, the 
following values are obtained: 



:^\ 






P°r^™. pt™hen 


h£.sJ 










p,-JO-. 


1,-100. 


fn-aoti. 


£, 




Feet 










Feet. 


sT^. 










1.0 


25 


48, S 


97.7 


195.4 


2.4 




50 


45.3 


go. 6 


181,2 


g.4 




100 


26.9 


53.8 


107,6 


46.2 


2.0 


25 


49.4 


98.9 


197.8 


1.2 




50 


47,7 


95,4 


190.8 


4.6 




100 


40,1 


80.3 


160,6 


19.8 


The percentage of prrssiire lost in t^ 


mile is the same whatever the initial 


pressure. It miLst not. however, be am 


Bumod that the loss in 2 miles is doubi 


the loss in 1 mile. The velocity ill 


creases and the density diminishes ginn 


along the main. 


It is clear that when the velocity M 


tiallv in tlie main exceeds .50 feet pW 8e< 


t ■■ ■■*" pressure brcnmos serioil 


^ ,.iiee of a niiie. How fa] 


^ktlij" i loss of efricioncy will be 


^^^^^H the 


^^^^^^^^■^ 
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question is interesting. Suppose the per- 
centage loss of pressure is assumed and 
the initial velocity calculated. In the 
following table this has been done for 
transmissions to distances of 1, 5, 10, and 
20 miles. 



«4H 


SB^ 


Initial Velocity, i>j, when the Percentage 




©•5 8J 


Loss of Pressure in Transmission is 


Lengt 

Mail 

Mil< 


B^i 










1 


2* 


5 


10 


20 


1 


u 


16.7 


26.3 


37.0 


52.5 


73.1 


23.7 


37.3 


52.4 


71.18 


100.6 


6 


\i 


7.5 


11.8 


16.5 


23.5 


31.8 


10.6 


16.6 


23.3 


33.2 


44.9 


10 


n 


5.3 


8.3 


11.3 


16.6 


22.5 


7.4 


11.7 


15.9 


23.4 


31.8 


20 


\i 


3.7 


5.9 


8.3 


11.8 


16.0 


5.4 


8.3 


11.7 


16.6 


22.6 



Transmission is possible to the longest 
distances here assumed at velocities not 
impracticably low, with losses of pressure 
which would not hinder efficient use of 
the air. 



Action op the Air-ci impressohs. 

When an air-compressor is driven by 
a steam -engine there is a difference b<^ 
tween tlie work done by the Bteam and 
the work done tjn tlie air. due t« the 
work expended in friction of the mechan- 
bm and nieasiire<l by the difference of 
area of the indicator-diagrams of the 
steam-cylinder and compression-cylinder. 
If the compressor is driven by fl^tw 
power there will also be a correspondinj 
lo39 in friction of the mechanism, prol)< 
ably not widely different in amoimt. It 
will be siifhcient here to consider a coks 
pressor driven by steam. 

Let U be the work expended, nteasun 
on the steam-cylinder indicator-dingracB 
and Ui the corresponrlinji; work shown 01 
the compressor-cylinder diagram, "niei 
if t), is the efficiency of the mechaniam 

r,-,,r. 

It \s ciinvrnii'ut ;it jirr'sent to take U aiui 

jT j^n |„ ■' . I fiiot-poimiis pet 

y_^l ,, 1. In Professol 



Kennedy's tests of some of the older 
compressors at Paris it appeared that 
);i=0.845. Experiments by Professor 
Gutermnth on the new Riedler com- 
pressor gave ];i=0.87, a result not widely 
different. 

In all compressors there are some losses 
of work due to rlearanee, to imperfect 
actioii of the valves, to leakage, and to 
other causes. But unless the machine 
is badly constructed these need not be 
large. If the air is compressed to a 
pressure above that in the mams — as has 
happened in some cases — there is a loss, 
ftir the unbalanced expansion uselessly 
heats the air; but this again can be kept 
withm narrow limits if the valves act 
promptly and properly. The chief loss 
of work in compressors is due to useless 
heating of the air. It is not, of coiubc, 
impossible that some of the heat thus 
generated should be usefully employed. 
But to make use of it would involve 
complications. Tt is said that in Bir- 
mingham, where the distance of trans- 
mission is not great, some of the heat 



rcachps the motors, and then there is an 

economy in the amomit of air usetl. 
But practically In most cases heat given 
to the iur in the compressor is in fatt 
wasted before the air is used for mci- 
tive purposes. A perfect compressor for 
power distribution would be one in which 
the air taken in at atmospheric prrssure 
Pa should be compressed isothermally to 
an absolute pressure P[ equal to that in 
the mains at the compressing station, 
and then delivered into the mains with- 
out valve-resistance. 

Such a machine working without fric- 
tion, or clearance, or valve-losi 
require for each pound of air compre 
an amount of work given by the equi 

f/j=PflV„ log, ^' foot-lbs., 
where P. '9 the atmospheric pressure | 
lbs. per sq- ft. and \', the volume ? 
I lb i,i air at that pressure. 

If' as hitherto assiuned, the iniii 
'■ cature "f the air i^ 60° Fa 



Fig. 2 shows the indicator-diagram of 
such an engine. OADE is the work 



I 



le by the atmosphere on the piston in 
Buction stroite. OBCDA is the work 



I 



done on the air in the compressing stroke, 
the compression-curve D*!!; being a com- 
mon hyperbola. The work expended in 
compression is therefore the shaded area, 
EBCD. 

If the air were compressed without any 
cooUng during compression, the com- 
pression-curve would be an adiabatic, 
such as DF. The work expended in 
compression would be the area BFDE. 
Consequently in that case the area CFD 
would represent the work expended in 
useless heating of the air. This is easily 
calculated, for it can be shown that the 
work expended per pound of air in adia^^ J 
batic compression is 

F^.--[&)'"-]- 

Putting r=l-^8 and P„V. = 27,69Q 
as before, 

U,'-05,45s[(&)°"-l]^ (13) 

". may be termed 
i|ire9sing pror""" 



For simple adiabatic compression, neg- 
lecting clearance and friction losses 



log. 



This may be called the theoretical value 
of:i3,. 



K " 
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ffc-ir 


ll! 
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It is clear, therefore, that if the air is 
not cooled during compression the effi- 
ciency of the process decreases as the 
pressure to which the air is compressed 
is greater. Now in most cases the cool- 
ing arrangements are very imperfect, and 
the compression is nearly adiabatic. Con- 
sequently there has been reluctance to 
use high initial pressures, and this dimin- 
ishes the facility for distributing power 



by compressed air. As the other lossa 
besides that due to heating are serioiti 
the whole efficiency of the compressor a 

considerably less than the values calco; 
lati'd above. 

Fig. 3 shows an actual diagram fron 
one of the best of the older CoUadoil 




ItavolntionB. 1D4; wurk wiuied, 38.15 per oau M 
useful walk. 

mpressors. The shaded area BCDS 

1 work of rnnipi-ess^ion, Uj oc 

) the area ICBCD in Fig. 2. 

is the actrial indicator- 

► will be seen that the actual 

1 per cent larger than the 

rjim for the vohinie of air 



^^ 



admitted, the difEerence being due partly 
to the waste of work in heating the air 
and partly to yalve-resistance, causing a 
loss of pressure in the suction-stroke and 
an excess pressure during delivery into 




the mains. In this case ijj, measured 
from the diagram, is 0.72. In several 
compressors tried by Professor Riedler, 
the loss of work in the compressing pro- 
cess was twice as great as in this case, 
rig. 4 shows a similar diagram for one of 



± 
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the Cockprill compressors at Vans. The 
excess work here is 40.2 per cent of the 
(isefiil work, and consequently jji=0.70, 
Ob\'ioiisly. part of this loss can be saved 
if the air is coolerl during eompresHO^ 
and all compressors are provided wiU 
some means of cooling. Very genen^ 
a water-jacket to the compressing cylinde 
b tiscd. but the action of this is very b 
perfect. At Birmingham, although t 
compressors are well water-jacketed, ai 
though the pressure is only 45 11 
(gauge), the temperature of the air e 
livered is about 280°. The area of si 
face of the cylinder is small comparei 
with the volume of air compressed, am 
air parts with heat to a metal surfM 
Blowly. Spray injection into the cylindt 
answTrs much better in keeping > 
the t^nipprature. But it is believed ths 
the rt«ult is partly deceptive, the cooUi 
going on after the air is completely c 

tliat the compression-curve is 

flattened as might be 

the temjjoralure at which 




in two or more stages, and cool the air 
thoroughly between the stages. This in- 
termediate cooling can be easily effected, 



M 



the air being taken through tubular ves- 
sels presenting any arammt of cooling 
surface that may be required. 

In Fig. a, EBCD is the diagram of 
isothennai compression as before. DF is 
an a<liabatic, so that in single-stage com- 
pression, without cooling, CDF represents 
the work lost in useless heating. Now 
let it be supposed that the compresdmi 
is effectcfi in two gtages. In the first 
stage, no cooling being assumed, the 
work lost will bo the area HKD. But 
the air is then cooled to its initial tem- 
perature, and the volume shrinks from 
I.K to LH. H is a point on the isother- 
mal DC. During the second sta^ HG 
is the adiabatic compression-curve, and 
CGH the work wasted in heating the air. 
It can now bo seen that the effect of the 
intermediate cooling is to reduce the 
work expended in compression by the 

n verj' materiat quantity, 
-compre.s^ion with inter- 

teg, and vdth spray-injection 
t Professor Ricdier has adoptf<l 
L compri'ssors for Paris, with 



marked increase of efficiency Fig. 6 
shows ail actual diagram from itne of the 
Riudler compressors and it will be seen 
that the excess compression is only 12,07 

\ 



"^ 




i 




""^§55=^ 


=*ia^. 
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^f HavolntionB, 45; wasted wurk, 12.07 per «Qt of 
^* useful work. 

per cent, so that in this case t/^ has the 
high value 0.89. 

In using air for transmitting power it 
is important, with a view of diminishing 
the size of the mains, to adopt high 
initial pressures, and it is the inefficiency 
of the compressing process in ordinary 
machines which has hitherto prevented 



the adoption of such pressures, Pro- 
vidf*l the efficiency of the eompresson 
can be increased, much gjeater pressitm, 
loss can be permitted m the mains, ajul' 
consequently much smaller mains wiB' 
suffice to transmit a given amount irf 
power. 

Professor Riedleb and Professoh 
Gutermuth's Experiments on 

THE P-FFlCIENCi- OF 

Compressors. 
If, an above. U, = v,U ia the work ex- 
pended in compression after deducting 

the friction of thf mechanism, and 



I 

i 



i:,=27.6EK) log. 



Pi 



is the useful work done in compre 
then 

ia a coefficient of efficiency of the < 
npce^ng prooesB, which includes both t 
' ork in useless heating and » 
Tclearaaice, valve resistantj 



obtained a seriaj 



of indicator-diagrama from different com- 
pressor cylinders. On these he has drawn 
an ideal isothermal diagram without 
clearance or valve-losses and for com- 
pression to the pressure in the main. 
The excess of area of the actual diagram 
over the Ideal diagram is the work waat«d 
in the compressing process, and from this 
7?j is easily calculated. The following 
table gives a series of such results : 
Efficiency Vj of Compression. 


Type o( Compressor. 


PrMsure iu 


LoBl Work 

"III VaeliS 
Wurk. 


\ 


Collfldon "ll Golhard 


8 

6 
6 


92 
12 


i 


Q 


s 

722 


The table show-s how very low is the 
efficiency of some of the older compres- 
sors E\en m the compressors in Paris 
with single-stage compression Vj^O.TO. 
Hence if the fnction of mechanism is 
taken accoimt of and v, is put at 0.85, 
the resultant efficiency is 0.85x0.70 



—0.595, or 1ps3 than aix-tonths of the 
indicated work in the steam-cylinder is 
usefully expended in cnmpreesion. The 
Kiedler two-stage compressor givea a 
much better result. Taking y?,=0.87, 
if? efficiency is 0.77. 

Professor Riedler has given acme other 
figures, not based as the above are on the 
measurement of single diagrams, from 
which the efficiency of the Paris com- 
pressors can be calculated in a more 
trustworthy way. The following data 
are given as the result of a series of ex- 
periments with each compressor: 





"'St^nl 


H.P. 


Type of Comproasori, 


i 

c 


11 




300. a 

367,* 


102,8 
103,9 
102.9 



From 


these 


figures the foUofting 


are 


calculated : 
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28,06(70,550 

















I These results agree well \rith those 

'jtained above in a different way. 

Action of the Air-motors. 

r-motor is simply a reversed air- 

ipressor. Hitherto the conditions of 

laency in air-motcirs have received very 

ttle attention. In Paris many of those 

; are of small size, and in these a 

efficiency is not to be expected, 

B beat results have been obtained thus 

:■ by adapting old steam-engines to 

[ aa air-motors, and this can be done 

little trouble. It is specially 



desirable that in an lur-motor the cylin- 
der-clearance should be small or t!ie 
compression sufficient. Probably the 
greatest source of avoidable waste in tur- 
motors has been leakage at the piston. 
lu a steam-engine, the condensation on 
the cylinder- wall helps to render the 
piston tight. In an ordinary ajr-enjiine 
the cylinder-surface is more or less dry, 
and the wasle with air from leakage at 
even small apertures is very great. 

A considerable economy can be secured 
by reheating the air in a simple form of 
stove before atimitting it to the engine. 
At first sight this seems a complication- 
likely to involve as nuich trouble i 
steam-boiler. That, however, is not i 
»11 the case. The reheating applianot 
iTC extremely simple, there is r 
explosion, and the amount of heat y 
It is desirable to give to the air is i 
^^^fi^;HIrt. compared with that required i 
^uojUMiteK. Professor RiedW trie<j 
^^^^^^^^^K/^F steam-engine 
M^^^^^^^^^^E^-adapted to as i 

^^^^^^^^^Bntthich givi 



' ^ 



72 indicated H. P. with compreseed air 
at 5i atmospheres pressure. It was 
using about 31,000 cubic feet (reckoned 
at atmospheric pressure) or about 2376 
pounds of air per hour. This air was 
heated to a temperature of about 300° 
Fahrenheit by the expenditure of only 
15 pounds of coke per hour. On a 
favorable assumption a steam-engine 
working to the same power would have 
required ten times this consumption of 
fuel at least. Reheating the air has the 
practical advantage of raising the tem- 
jieratiire of exhaust of the motor, and 
for the amoimt of heat supplied the 
economy realized in the weight of air 
used is surprising. The reason of this is 
that the heat supplied to the air is userl 
nearly five times as efficiently as an equal 
amount of heat employed in generating 
steam. 

In certain cases the air-motor cy Under 
has been jacketed by hot air. This in- 
creases again, the amount of work ob- 
tained per pound of air used. It can 
hardly be considered a thermodynami- 



cally advantageous process, but it may 
have advantages practically in ruBtitgl 
the exhaust-temperature. Lately in soma 
cases water has been injected in enif^ 
quantity into the air while 
throtigh the reheating stove. This p 
into the engine as steam. It condense) 
during the expansion, yielding lateol 
heat to the air, and thus raising 1 
temperature of exhaust. Wiiether it ia 
advisable from a purely thermodynamii^ 
point of view may be doubted, but it 
seems to have practical advantages possi 
bly in lubricating the cylinder and pre 
venting leakage. When steam is en 
ployed in this way the expansion cun 
rises above the adiabatic and becomi 
nearly an isothermal. The steam ms 
amount to about 5 per cent of the wra^ 
^ of air used. 

tjj^gjL TVOKK DONE BY AN ,\lR-MOTOB 

B deliverer! from the r 
-motor at tho ]M'essiire 
,re foot, or p^ in It 
Firet lot it be suppose^ 
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that the air is used in the motor cold, 
its temperature being taken at 60° 
Fahrenheit and its volume in cubic feet 
per lb. being Vj. Expanded adiabati- 
cally in an engine down to atmospheric 
pressure, pa, the work done would be in 
foot-lbs. per lb. of air. 

.95,458[l-(&)°'']. . (16) 

• The actual work obtained in any given 
motor using air cold will be less than this 
in consequence of incomplete expansion, 
valve resistance, clearance, leakage, and 
other losses. Let the actual work shown 
on the indicator-diagram of the air-motor 
beLV Then if 

i^g is the efficiency with which the fluid 
is- used in the particular air-motor, a co- 
eflicient which must be determined by 
experiment. 



^>^\V\^ 
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Second. Let it be supposed that the 
air, arriving in the main with the tem- 
perature Tj (absolute), is reheated to a 
temperature T3 before being used in the 
motor. As it is reheated at constant 
pressure, the amount of heat to be given 
to each lb. of air is 183.45 (T3-T2) 
foot-lbs., or 0.2377 (T3-T2) thermal 
units. Then the work of adiabatic ex- 
pansion from a pressure p^ to atmospheric 
pressure pa ^ill be 

Generally the work shown by the indica- 
tor-diagram of any engine will be less 
than this, for the causes mentioned above, 
and if 773 is the efficiency with which the 
motor uses the fluid, the indicated work 
will be 

U/=%U,'. 

There is no reason for expecting r;^ to be 
different in this case from what it was in 



the previous one, unless hot-air jacketing, 
or steam injection, is used. In that case 
Vs will be larger, and may be taken to 
inchide the additional work due to heat 
supplied during the stroke. 

There is yet one more source of loss in 
the motor, the friction of the mechanism. 
If 74 ia the efficiency of the mechanism, 
then 

Us -7,^4. or J?,U/, 

is the effective or brake work of the 
motor per pound of air med. 

Experimenta on Air-motors by Pro^ 
fessor Riedler and Professsor Gtttermuth. 
—In the following tables some of the ex- 
periments are quoted, together with the 
work per pound of air and the values of 
% and Tj^. When Professor Riedler does 
not give the indicated, but only the brake, 
H, P. of the motor, it will be assumed 
that I?, =0.85 in order to calculate a 
probable value of rj^. 

It will be seen that in the older small 
motors the efficiency with which the fluid 
is used ranges from 0.37 lo 0.44, which 



perhaps, considering the kind of mnWr, 
is a good result. In the later machiECS, 
arranged to work expansively, the ( 
ciency ranges from 0.58 to 0.87, i 
remarkably good for . motors so Bm 
The coefficients are rather higher witl 
reheated air. showing that the work doi 
is increased even in a rather higher rati 
than T^j. 

Some other experiments on small m 
tors may be passed over in order to co 
eider some experience on an old Fare 
steam-engine, with Corliss valves, whifl 
had been converted for use as an ai 
motor. 

This engine was nominally of 80 H, I 

and worked at 72 indicated H. P. in ti 

trials. In all cases the air was teixaia 
before use to about 300° Fabreohe 
The cylinder was also jacketed by i 
hut air nn its way to the cylinder-chest. 

Tlu' ilHi-ii-'Ticy is therefore O.Sl, an ex 
tremely got"' result. 

■. the work obtainable by 
'^ one pouni! of air receive 
?r sq. in., and at a temperi 
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ture of 300° Fahrenheit, four-fifths is 
obtained as effective work on the brake. 
However, .part of this work recovered is 
borrowed from the hot air before admis- 
sion to the cyUnder and given back to it 
by the jacket. That the jacket consid- 
erably affected the working during ex- 
pansion is shown by the temperature 
during exhaust. The following table 
gives the temperatures the air would 
have reached by adiabatic expansion, and 
the actual temperatures of the exhaust 
in the experiments above: 



Initial 
Temperature. 


Final Tempera- 
ture for Adiabatic 
Expansion. 


Actual 
Final 
Tem- 
pera- 
ture, 
Fahr. 


Increase 
of Tem- 
perature 
of Ex- 


Fahr. 


Abso- 
lute. 


Fahr. 


Abso- 
lute. 


haust 
due to 
Jacket. 


264 
305 
320 
338 


725 
766 
781 
799 


-75 
-53 
-45 
-35 


386 
408 
416 
426 


+ 70 
+ 84 
+ 95 
+ 120 


145 
137 
140 
155 



v^ 
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Practical Calculations on the Dis- 
tribution OF Power by 
Compressed Air. • 

It will be convenient first to give a 
summar}^ of the formulas required in 
settling a system of compressed-air dis- 
tribution j and afterwards to discuss some 
special cases. 

Let Po be the pressure in lbs. per sq. ft., 
'Pa the pressure in lbs. per sq. 
in., Va the volume of a lb. in 
cu. ft., Ta the absolute temper- 
ature of air admitted from the 
atmosphere to the compressor. 
Pj, pi, Vi, Ti the same quantities 
for air discharged from the 
compressor into the main. 
Pj, ^21 Vj, T2 the same quantities 
for air arriving at the point of 
consumption in the main. 
U=* indicated work done by the 
steam on the piston of the com- 
pressor reckoned in H. P. 
XJj = >ji U = corresponding indicated 
work in the compressor cyUnder. 



107 

^2=1^2^1 = useful work of compres- 
sion, or work of isothermal com- 
pression from Pa to p^. 

U3= available work of air arriving 
at the motor, or work of adia- 
batic expansion from 7)2 to pa- 

114=1^3118= indicated power of the 
air-motor. 

U6 = 7^4X14 = effective or brake work 
of the air-motor. 

Taking Pa=2116.3, pa=14.7, ¥«= 
13.09, T„= 521°, 

PaVa = 27,690. . . . (1) 

If W lbs. of air are compressed per 
second by U horse-power in the steam- 
cylinder corresponding to Ui indicated 
horse-power in the compressor - cylin- 
der, then, allowing both for friction of 
mechanism and clearance, leakage, and 
other losses in compression, 

5507?i)?2U = 27,690 W log,2i, 

Pa 

W M?^. ... (2) 

50.3 log. ?-' 

Pa 



When by conduction in the main the 
tUT is at its initial temperature Ta, 

P,V, = 27,690, 

p,V, = 192.3. . . . ( 

If »! ia the initial velocity of the i 
in the main, the diameter of which 
feet is d, 



'i(Pr, = Vr\\ 



192.3W/P,, 



d= lo.64|/^. 



I 



The pressure falls in a main of 
I in feet from p, to pj, the amount bei 
given by the equation 



^|/i 



The available work of the air arriving s 
the motor wit h tJaLpre ssure p, at atmoa 
(ihertc temp^^^Blk^' ^^ ''^ '^ ^'^'^ 



(4 



• (I 



u.= 
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95,458Wr 



mn^'i 



-173.5w[l-(*)''"]. . (6) 

if reheated to Tg before admission to 
the motor, 

W=173.5WT3[1_(|«)""]. .(7) 

Indicated work of motor 

=U,=ij,U,. ... (8) 
Brake or effective work of motor 

= TJ, = r,,V,. ... (9) 

Vaiv£S assumed for the Coefficients of 
Efficiency. — It appears that the efficiency 
of the mechanism of compressors is from 
0.85 to 0.87. In the following calcula- 
tions it will be assumed that 7ji=0.S5, 
As to the efficiency of the process of 
compression, this varies greatly with the 
type of compressor. In some of the 
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older single-stagp mmpressora it is as Ion- 
as 0.5. But taking the best of tlvsc 
tried by Professor Hiedlcr and slightly 
rounding off the values, 

For single-stage ciimprp,=i.si>rs. j;,=fl.7. 
" two-.'itage " tjj=O.Q. 

The loss in the main must be calculated 
■for each special case. 

For the air-motors. a.s it is not in- 
tended to discuss the use of air on a 
small scale, it will be a.ssnnied that 
)j,=0.85 and ijj=0.9. These values are 
slightly below those obtained in the t 
perimentB, and the residts should then 
fore be such as are practically rcalizabifi 
in ordinary work. 

Case I.— 10,000 H. P. is to be tra 
mitted a distance of 2 miles. Tal 
ii,=0.85 and ijj-O.O (two-stage 
prcssion) tho ii-sefiil work of compressioHtl 
will be 7.650 fl. P- Now, let the Mr 1 ' 
compKsaed to 4, 8, and 12 atmosphereail 
■' the Wright of air'J 
^^lo^-s: 
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To ascertain suitable diameters for the 


main, let initial velocities of 30, 50, and 


75 feet per second be assumed. For 


these velocities, and in the cases de- 


Iscribed, the diameters required will be 


Hb6 t'clllo^vs : 


K 




I iJVd 




HltaBl. 


"^J^1.sr 


M^lr'F^t 






^p 






In Feel. 


In Ins. 






























25 


Ki 


132 3 


\^ 


2.06 


IB 










la 


^1 






1 59 


IB 


■,.... 


IBl.l 




1.01 


12 


HB'^nTie of these mams are inirrarticaVile 


^Keue. and lor the higher oressm'es and 


^K^tiea they are surpnsmgiy smaU, 




I 
I 



lis 

considering that they are shown to be 
capable of traosmittiiig 10,000 indicated 
steam H. P. a distance of 2 miles. It 
remains to examine whether the loss of 
"s serious. 
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its 



Ifl 
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None of these losses would render t 
utilization of the power impossible, aai 
it. is only at the highest pressures i 
velocities that the fall of pressure u 
serious. 

Lastly, the power rlevrlniwil at the air- 

motor 'iii' III. ■ ■'■'! steam- 

H, V. r I"' calcu- 



■1: 



I dis. 



tance of 2 miles, and used cold, the H, P. 
obtained will be as follows: 
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3.9J4 


J,5« 



It is very striking how little the effi- 
ciency is affected by considerable changes 
in the initial pressure and velocity in the 
mains; with the exception of two cases, 
for 10,000 steam indicated H. P. expended 
at the compressor there is obtained from 
4,400 to 5,100 indicated H. P. at the air- 
motor. That is to say, the efficiency of 
the whole arrangement, compressor, main, 
and air-motor, when the air is used cold, 
ranges from 44 to 51 per cent, and that 
Srith. mains of quite moderate size. 
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If the advantage of reheating at the 
motor is resorted to, which in no case in- 
volves any great additional trouble, and ■ 
which from the small amount of fuel re- 
quired can often be carried out with very 
little additional expense, the H. P. ob- 
tained will be as follows: Let it be sup- 
posed that thR air arriving at the motor 
at 60° Fahrenheit is reheated to 300° 
Fahrenheit, as in the ease of the Farcot 
steam-engine, details of which are given 
above. Then 
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Here again, excepting two cases, the 
efficiency reckoned on the indicated 
power is from 64 to 75 per cent, neglect^ 
ing the cost of the fuel for reheating. 

Case II.— A long-distance transmission 
may now be discussed. Suppose, as be- 
fore, that 10,000 indicated H. P. is de- 
veloped in the steam-cylinders of the^ 
compressors, and is to be transmitted a 
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Lbs. per 
Bd, to. 


in Faet. 


Ini^hea. 














d. 




73.6 


(60 


2.51 


30,1 


















132.3 


k 


1,60 








IB, a 


















IBl.l 


k 


1.23 









distance of 20 miles. Taking the same 
pressures as before, the calculations of 
the weight of air compressed neefl not t 
repeated. The initial velocities previ- 
ously assumed will, however, be e: 
sive, becaiLse the velocity in the : 
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increases as the pressure falls, and in this 
case, as the fall will be considerable, the 
terminal velocities are much greater than 
the initial velocities. Initial velocities of 
20, 35, and 50 feet per second will be as- 
sumed.* 

None of these mains is impracticable 
in size. The following table gives the 
calculation of the pressure loss : 



Case II, 



Initial 


Initial 


Diam- 


Terminal 


Press- 


Veloc- 


eter of 


Pressure. 


ure. 


ity. 


Main 
in Feet. 


Lbs. per 
Sq. In. 




20 


3.96 


68.0 


73.5 


•I 35 


2.99 


47.6 




50 


2.51 


Impossible 




(20 


2.53 


116.5 


132.3 


■^35 


1.91 


38.4 




(50 


1.60 


Impossible 




(20 


1.95 


160.8 


191.1 


■^35 


1.47 


Impossible 




(50 


1.23 


Impossible 



Loss of 

Pressure 

in Per 

Cent of 

Initial 

Pressure. 

7.4 
35.3 



11.9 
70.9 



15.8 



It turns out on calculation that some 
of the cases assumed are impossible; 
that is, the whole initial pressure is in- 
sufficient to give the assumed initial ve- 
locity. In one other case, the 1.91 foot 
main with a velocity of 35 feet, the loss 

* See table on page 111. 



Ill 



1 



of pressure in the main is impractica- 
bly large. There remain, however, four 
cases in which neither the size of main 
nor the loss of pressure in a transmission 
to a distance of 20 miles is such as to 
render the transmission impracticable. 
In three cases the loss is remarkably 
small, and the terminal pressure quite 
suitable for application. For instance, 
it appears that the air compressed by 
10,000 H. P. to 132.3 lbs. per sq. in. can 
be transmitted to a distance of 20 miles 
in a 30-inch main with a loss of pressure 
of only 12 per cent. 

The power lielivered at a distance of 
20 miles by air-motors using the com- 
pressed air can now be calculated. If 
the air is used cold the power obtained 
will be as follows: 
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Here the efficiency of the whole ; 
rangement^-calctilatcd on the ini 
power, the air being delivered at a dis- 
tance of 20 miles, and including all losses 
— is 40 to 50 per cent if the air is used 
cold, and 59 to 73 per cent if the air is 
reheated. The results are ba^d abso- 
lutely on efficiencies already obtained in 
similar cases, and the sole lose neglected 
is possible leakage in the tnains. 

Fig. 7 is drawn to scale for Case II, e. 

I It is a diagram showing the relation of 
the work expended and useful work re- 
covered when 10,000 H. P. is transmitted 
20 railes in a main 30 inches in diameter. 
AfXiB is the work expended in a two- 
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stage compressor, compressing 1 lb. of 
air from 14.7 to 132.3 lbs. per sq. in. By 
cooling in the mains the volume of the air 
shrinks from EG to EF. The frictional 
resistance reduces the pressure to 116.5 
lbs. per sq. in., when the air has the volume 
MK determined by the isothermal. The 
work done by an air-motor, using the air 
cold, is MKCA. If the air is reheated to 
300^ the volume expands from MK to 
ML (1.46 times). Then the work of the 
air-motor, using reheated air, is MLDA, 
and KLDC is the important gain of 
work due to reheating. Of course the 
areas given by the diagram have to be 
multiplied by the efficiencies given above. 
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or the Fhl1oBO|iliy of MiuiuriiiK. A FrscUc&l Hand- I 

Book for the Agriculturist, Manufacturer and ■ 

SUIdCBl. 13Q1D, cloth.... 8 0)^ 
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GUY ARTHUR (F.), Elpotric Lieht and Power, 1 
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and Sleam Dsers. CunUiilUUe a large mUectiOD 
ot nilas and data relating to repent praoileo In Qie 
design, cooBtnictiOD, aoii norkinE or all kiods oT 
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theoretlcallv and practically treattd. with tbeappli- 
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addeoduund noteij. by C. L. Flercs. 4to, cloth ...40 
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FEBKINB (F. A. C, A. H., D, Sc.l. Condncton 

(or EliwCrtcal DlstrltiUiIOD; Uielr Hsnnfactore mnS 

MaleriBlB, iBe CaJpulailon of ClrculU. Pole Una 

Caastruciioii, Dudererouud Worklog and otbcj- XJaea. 

OnPresa.) 

rSRItr (JOHWl. Applied Mechai-ica. A TreBttoe 
(or IhH USB ot Htiidi^atii who havH Clme to work 
piperimemal, numBrleal and grapblcKl fierctoei 
ill lutrutlng Uie subject. 8vo, clotJi. flsapugys.jiiac . 

FILLIPS (JOSHUA). Engioeering ChetniBt^. A 
Pracllcal Treatise f < r the uae or AaalyUcal Chem- 
isla, EuglneerB, Iron Mas [era, Iron FoODderB, 

alB and Valuai Icia oC tlie prlacl|ial muwrlalB used bi 
EBglDeerlne worlia. vltb uumeroua AoalyHs, Eziim- 
ples and GuggsgilouEi. ai4 iUueLr.iilona. Sisoand 
edition, revised and culargal. 8vo, cloCli < 

PICKWOltTH iCHAS. KA Tlie Indicator Hand- 
book. A PracUtMl Manual for Englueera. Fiart L 
The IndiuBiDr^ lUOooatrufUonuid Application, gl 
illuatratioos. Umo, dolh ] 

The Slide Rtile. A FractlcaJ Manual ot fiuOme- 

Hon tor alt Uatrs of the Modern l>pe ot Slide Bui*. 
fihlljitinK the Application of the Instnimeal to iba 
EteiTday Work or tbeEnirfneer.— Civil, Mechanical 
and BUecirlDBL 13ma, flexible cloth. Filth edmom. 



PLANE TABLE (THE). Its UffiB tn T"pogr«pbto»l 



I nAIWTB (GASTON). The Btoraea of Eleotiteal 



CiimnW." coTiibiniueOuautitv iriili High Ten, 
■ ■- sWohbyl'fti'lBElwBll 



TmiHlated from ibo F 
iUtiatral'--- "— 



Q.11.CJ14IB. j-iu.n the Papersotthtf Unliod 
^^ CiNUi Sui've/. lUuztrated. Svo, cloUi, 
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'»X,ATTNEIt. Manual at Qualitative and QuantltaUve 
,. AntOyiilB wltb the Blow Pipe. From the iasi Uermam 
■— — revised i-nd enlarged, by Trot. Th. Riebler, 
Boyul Baxon Mining Academy. TrHnalBted 
: H. B. OorDwHll. aralatpd by Jolm H. Cas- 
■UKtraied uUh 8> wood cuts and onetitho- 
dllte. Seveolbedition, revised. BaUpages. 
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r PUceH of Decl- 

Loe*fttl"i>s of NuQiberB. and Loga- 
d TsDgeuta to Sintile Ulnules. I'a 

and Oo-TaDgenra Ifiiao, boarda 

POPE (F. I,.l. Modern PrttoUce of tbe Electric Tale- 
Rrapb, A Technical Kund book for Electriciiui 



lea aa-i BQlargeJTaDn fiill; ill 



ii edition, 



_ — en Uuy Treatise OH 

Heat and He3,t EnglaeB. Special ; adapted tor 
engineers and eCudents of eneinearing. lima, cloth. 

POWLES (H. a.). Steain BoUera. <lDFreQ.1 

FBAY (Jr.. THOMAS). Twentr Tean vltb tbe 

Indicator: IwIdk a practical Tert-Book for tlie 

EnKlnecr or the Student, with no complex Foimulce. 

lUustrnted. 8«o, cioth £ 

Steam Tables and Eniilne CoDsUint. Compiled 

from Reenault, Kanklneand Biiandirectlv.mBkidir 

PKAOTIOAI, IL.__ _, 

of "Fnitera hlalime," &e . &o. niustrstea will 

PBEECE CW. H.). Electric Lamps <In FreES. 



a, COOB. (See Hawk, Wm. H.) 
PBB8COTT {Prof. A. B.). Orennio Anolyiila. 
Uanual of the DescriptiTe and Jnalyllcal ChemiBli 
of certain Carbon Compounds In Common Ubc; 
Guide ill the IJualJUtise and Quantitative Ads'tb 
ol Organic JlateriulB in Conimsrolal aud Pharia 




cvuUchI Abbbtb, In tlie ntlmatlan ot ImpuHUea 

unilrr Auihurlied SUuaiinls, ^nd Id Forenaiu Exain- 
ination* (or PolsiiES, wlih Directions forKlemeniaiy 

Organic AubIj'.Ih. roiirth etlltlan. 8n>,cIoUi B 

PBESCOTT (Prof. A. B.l. Outlines of Froxiniate 
Oreanic Aoalyils, For tbu IdeaiiflcsUon, Sepontttoa, 

mocly occurring Organia CotDpouDdu. Fourth edi- 

— Flrat Book in Qtialitatlve CheRiiaUT. Glalith 
.... . .^.. ^gj^ J 



editlDQ. i2oio. doiL 

and OtiB Coe Johmon. QaoUtalli . _ 

Analysis. A Guide in the FrBetlcai Hiuij of Chi 



and in tba work of AnalyBla. Foutih fully 
'—-- ■'■'•'- DestriptiVB Chemlnliy 



eiiended Ihroughout 8 K 

PRITCHABD (O. G.I. Tbe Hahulactuie Of Electric 
Liebt CarboDK. Illustraled. Bvo, paper « 

pri-LKN (W. W. F.). Application of Oraphiu Meth- 
ods to the Deuiirn of Stniotures. Bpecially prByaced 
for Uic use ot Enginetrs, ISino, clotti. lllustJited. 

nets 

PDI.SIFEK (W. H.). Notes tor a History ol Lead. 
Bvo. cloth. Bill tops, . ... 4 

PYNCHON (Prof. T. B,). Introduction to 01iemlo«I 
Physics, deeigned for ibe U9« of AcndemieB, Cc^ 
luEea. and Hlsh BchoolB. Utoatraled wltliDUiiierous 
enEravings. and conialufng coplona erperimnu 
with directions for preparinK tfiem. MewedltloB, 
revised and HDlarged, and illuEtralMl by MSiUwAW' 



I |T.leut. OTRrS S.). H^Dd.book OH 

V Prepared by Authority of the NaTO 

For the use of U. S. Kav>, tT. B. 
■ U. 8. Kavul RBseries. EfiTl^wd 

, hpasslRtaBoeotStokelyllorBan, 

U TUrd edition. 19mo, tleiUtile leauer. B 
, luid M. N. SAEKK. Stw- 




RAHDAIJ. (P. H.>. Qiiai 
New edition, revised uiii i 
12mo, ololh 



BAMKINE (W. J. nACQCORN.) Applied Uecbou 
iCB. ComprislDg iha PrfficipieB of Statics and Cine 
mntlca, aad Tbeory of StrucCureB. MecbtinlaiD. am 
KBohines. WiCtl numprnna HrnirrHTnii. ETirbwDtl 
edlUOD. Tlioroughlf re 



V. J. Miliar. 8VD, 



Civil Eoffini 

¥By«, Eartlivrc 

lo. With . . 

and lUnnrnUoDa. Tweiitiath edition. ThoioDEliI; 

rovlBad bjr W. J. Millar. 8vo, cloCll B 

Machinery and Hillwork. ComprlBing the Geom. 

eCry, Hoiluns, Work, Strenetli, ConBlmotion, uid 
Objecu of hlactilneB, etc. fllustraCed with nearly 
""" J 'Tevenih edition. Thoroughly revised 



by W. J. Millar. 
— The Steam Engine 
With diagram of tha 
Steaui-fuldine plates, i 



Afectianlcal Proper ties of 
Thoroughly revised by 



W.J. Millar, avo, cloth.. 

Useful Buiee and Tables for Engineers and 

Others. With amwndix, tables, tests, and f ormulic 
(or Iho use of ElBctricol Englnfers. Comprisliie 
SubniarineElectricB! Engineering, Electric Lighting, 
and Tradsmtasioa of Power. By Andrew JanilMnn. 
C. E., F. R 3. E. Seventh edition. Tborc 
coTiaed by W. J. Millar. " - ■ - 
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Banhine and E F, Baoiber, G. E, With n 

iUuatratiODS. Fourth edition. 8vo, cloth,,, 

BAPHAFI. (F. O.). Localisation of Faults In 
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BEED'S ENQIMEERS' HAND-BOOK lo tbe 

Looal Marine Board Enmuiattoiis far Ceitmoatea 
of CompewDcy u Flret and Second CluBEnelneEra. 
B;W. H.Tbora. With the aoewera tatbeSlemea- 
tiu7 QueiUons. IlIUBtrated br SHI diBgramg and 3t 
Lbrge plntfis. Sixteenth edirioD, revised smd 
enlaiged. Hto. cloth G 



EnelDeer'a Hiuid-book lo the Board ol Trade Exsmi- 
naUonB for First aud Second CIsnr EoeiaeerB and 
oiintalnlng the working of all the qutstiuus (Jvea In 
the exsinlDBtlOD p&pers B; W. H Tbora. Sro, 

ulolh 3 

— Uwful Hinte to 8ea-eoiug EaBlueen, tuid How to 
ttciuUraad Avoid " Break Downs: " also Arjiendices 
C^QtAlDlUR Boiler EiploslonB, Useful I^rmoln, 
nto. Wlt]i9Bdla|{i'aiQHaQd4 plates. Second edition, ' 
ntrtaod »nd ealarged. ISmo, cloth 1 



Unitnritl Maaagement. Illustrated. ISmo, cloth... 9 
llKINIIARI»T(CHAa. W.). Lettering for Dnlta- 
invu, KiiElnpera nnil SludentB. A Practical SjMeui 
iif Prcnlinnil LailerinjE Tor Working Drawings, 

Fmirlil iJiuuiUUid, Obtong, boards 1 

Uim (J. M.).. and J0HN80K W. W. On a 
NVivSlPllni.lcf'liiaimdE the Differential ot Fune- 
iMiia "till i'h|ii'i.'inl reference tfl the Newtonian 

, ■! i;.iir-M,r Velocities, 12mo, paper,.,. 

,,, ^, I. > I ' I I. . Development of Ttanaportar 
■I ;i" VInitpd StatSB. ComprlBlng » 

, ' '.riiithin of tlie leading featorea 

Ill tlieuolonialera to the present 

' I'ioDa. QuartQ.lialf morocco.. T I 
" I ' . 1 \i .. A Course of Inatnictlon In 
iii'i DeBlEDfor Technical Schools 
■ rii:-. With B2 plates and Bumer- 

mw^vinga. Folio,cloth « 

. \,\, l/ing and Short Span Railway 
I (Njiils and views. Imperial foUo, 
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BOGEKS (Prof. H. D.). The' QeoloET of Pennsjl- 
vuiia. A Oaverctneiit Surcey, with a Oenerai View 
of the Geology of the Doited acal«a, eHsajB on the 
Coal FormaliDD and Its FohsIIs. and a. deacripliioD of 
tbe Coal Fletda of Horth America and QrHat 
Britain. Ulu^rated with plates and en^rraTines fa 
the text. 3 valB.,4to.cli)th, with portfolio of maps. 15 
KOSE IJOSBUA, M. B.l. ThB Pattern Makers' 
^m Core Work, SwecpWork. and Practical Gear Con- 

^^B able Tablt^B. Eigateentn edition. lUustrat«d irltta 

^^P £50 engraTlngs. avo, ciotli £ 

^ Key (0 EnRineBftnd Englne-mnniiii?. A Practical 

Trealtse upno the UanaeBmeut of St«am Eneiiiea 
and Bailers for the Use of Those nbo Deaire to Palis 
an £xBiiilDatioa to Take Chares of an Eagise or 
Boiler. Withimmeroua itiusiratlans, and Instruc- 
tione Upon EnEin<!erH' Calciilatloua, Indlcatora, 
DiagrnniB, Engine AdjustoiButs, and i>tber Valuable 
Informatloii neoessary for EnEincers and Firemen. 

lamo, cloth 2 

SADIITE (ROBERT) , Hlfltorj- and PrOBTBss of the 
El-^trtc Telegrapti. With deacrlptlona of Bome of 
the apparatus Becond edition, with addition*. 

SAELTZEB (AlKX,). TtoatlsB on Aonuatlcs in con- 

SAIMViOSS {Sir DAVID, M. A.), Electric Lieht 
iDflallailnnt., A prat'Clcol Hand-book. Eiichtb 
edition. reTiaed and enlBrf;ed, with numeroua lllui- 
tratlODs. Vol. I. The nianaf^ment of Accumula 

tors. i?mo, cloth .. 1 

Vol. n,. Apparatus, asflllluslralioDB, ISnio, cloth H 
Vol. UL,Appiic«tiuna, IVmo. cloth 1 

SANFORD (P. GERAI.DV Nltro-EiploslTea. A 
Practical Truatiae eoncernlnR the Properties, Mano- 
facture and Analysts oF Nitrated Bub'tanoi'!!, includ- 
ioK the FuimlDBtea, BmokeleBS Powders and Cellu- 

lold. Svo, cloth, KB pngea S 

LArNNIER (CLAUDIUS). Wat>dmiaki>r's Hand- 
book. A Workshop Companion for thoae enBBgad 
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in 'WatelimBklcs >uid Killed MenbouIcBl Area. TruiB 
IntemurJ. Tripplln Bad E Rlgg. Second edllioii. 
reviatKl with appendix. IZmo.cloth ti 

SOHELXX:N(Dr, H,). Muneto-Electrlc Bod Drnaioa. 
Electric Utichinea: tbelr ConatruciiDn and Pnctlcal 
Avpllc&lioa to Electric LlzbtlnR, anil tbe TransnUB- 
siOD of Power. Tranalaif d from tbe third German 
edliioD, b^ N, 8. Keith and Percy KejmaDn. Ph. D 
With very larsre addltlona and notes iBlaMnK to 
American Hachinea, by N. S. Keitb. Vol. L, with 3» 
llluitrations. Second edition . B 

BCHUMANN (F.l. A Manual of Healing and Vend- 
iBilon in lea Practical ApptiCBtlDn, for (he use of 
Enelneera ami Architects. Embracing a »erte« of 
Taiilea and Formulie for dlmeaelona ol beating, flow 
■ml return pipes for sleam and hot water bollera, 

flue»,etc l«mo, UluBtrated, lull roao ] 

IBIBNER (J. H.). EnirlDeers' and MechaDtca' 
Companion. Comprising UnlladStateiWelghlBand 
„ •..«,. — xioa of euperec«a and Sr"-"- 
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Cinumteteiice and Areas of C&elea, tbe Uecbuiicaj 
Fowiw. Centre! of Gravity. GravltBtian of Bodlea, 



Mof Sqoatea and Cnbea, Bqaare and Cub* Roots. 



Kndulumi, Speclllc GraTlty of Bodies, Streogtli, 
WslghL and Crush of Haisriale, Water-Wheels. 
HydTDStttlos, HydrauUca, Statics, Centrea of Por- 
ouiwlon and HyroUon, Friction Heat. Tables of tba 
Writlit of HelaiH. ScantUng. etc. St«am and the 
"' - - Kiintiip TVeadelb edition revised. Iflmo. 

1 I '. ^ ilnnual of Marine Englneerino. 

.h.iW from Working Drawing!. 

. ri Kevised throughout, with an 

n Waier Tube Boilers. Std., 

6 

I i,,:i ■ I inv.VITE (H.M.). A Pocltet- 
: .ri.vrlngBulee aodTableti. For 

,' ., M I ...L-Loeers and Naval Architects, 

< '.qiiiKii, Superlotendents, and all 

lun and constnKtion of Marine 

and HercantUe. Fifth edition, 

■ Pocket size. Leather, with 





SEXTOX (A. niIMBOU)Tl. Fuel and Befractoir 
MaUriHls. 8vD, cloCh e 

SHIELDS (J. E.). Notea od Eoglneeritig ConstniB- 
lioD KmbrocInK Dlscua.-'ioDS of the PriaeipIeB 
tnTolved. and DescrintionB of tha Material employed 
ia TuHiielLlDg, Bridging, CbdsI and Koad BuUdfilg, 
ate. J2iao. oloth 1 

aHOCK (WM. H.t. Steam Bollera; Th^ir r«Bign, 
Lonstructioa and Maaagemeiit, Ito, Iialf morocco. IK 

SHRBVE (S. H.). A Trufttlse on the BtreDEtli of 
Blidees and Roofs. Compiiatng tlie deterniloation 
of Algebralo fonnula* (or straliis In Horizontal, 
lacllDOd or RoTWr, Triangular, Bawstring. Lt-ntlvu- 
lar. and other TruHflea, from flxi^ and moving loada^ 
vitb practlual appllcatloos sad eiampleH, rorthe 
U'e of^Iudeiita and Engineers. S7 woodcut lUua. 
Foil rtii edition. 8vo, cluth S 

SHT'N'K (W. y.\ The Field Engineer. A Handy 
Book or ,.rurtife in ihe Siin'7, Location, aiidTruct- 
workof Jfailri.ad-i,c..nli.inlngaLi--s- pollwllnn of ■ 
Hulesand Tabl«, original and BelectiHl, applicable 
to both the mandai-d and Narrow Gauge, uud pre- 
pared wiib sj>[iobil referenco to tba uants of the 
young Eugine r. EleveDth edition, revised and 
enlarged, laiuo, morueco, tucks.. S 

SEUUS (F, W.), A TreatiBB on the Principlea and 
Practice of Levelling. Showlnn its apiiUoatiOQ to 
purposes of Rlllway Engineering, and the Con- 
struction of Ro.ids, rtc. ReiliUfd and correctMl, 
■with tha additi in or Mr. Laws' Fractt n] Eiamploa 
for Betting cut Rilliray Curves. Illustrated. Bn, 
cloth £ 

BOmS (W. F.). Practical Tunnellias. Fourth edltioa, 
iBTlKed and greatly fitended. Wiih Bddilional 
chapters Illustrating recent pmctice by D, Klnnear 
Clark. WlthSBpatesond other illustrations. Im- 
perial 8vo, uloth , IS 

SIFTER (J. W.). Sewage TreatmMit, PuriBcation, 
and Utiilzstlon. A Practical Uanual (or the tf^ ol 
OorporatloQB, Loeol Boards, Medical Offlcers of 
Heattli, Inspectors of N'uiBBDCes. Chemists, llnnu- 
lactiirerd. Riparian Ojiners, Engineers, and Kale- 
payerg. I2ma, diitti t . 
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8NEU. (ALBION T.). ElBctrio BoHvB Power; Tlio 
TransmtaKton and DtelributlQn of Electric Puwer by 
CODtiQuousBDd AlterDBlaCurreaU TCilh a BautlOQ 
on the ApplicalionB ot Electrleity to Mining Work. 
° ■"edition. 8yo, oloUi, lUiuCrBted 4 



Second edttli 
SPGYBRS (CLARK NOB L.). 

oal ChBtQiBtry. ." 
STAHI. {A. W.|. and A. T. WOODS. IHetnenUrr 



Tert.Eoot of Phyrf- 

'OODS. 

i. TextBook forStudentj 



_.,"'Thirile"dltionVreiiBed. 8vo, cfotb. ^ .._ 

OBpa, pLateaaud iltuatraUons,,... S 

W (DATID, F.R.S.N.^ The Prindriaa 

Ttod byhiBBooa David Alan StPrenaon. B. i^c'F. H. 
S.E.. Bi *-' ■ ■■ ■ — -- 



BJE., Civil En^ee 



Tbin 



with 11 



wlthW plaWs, Bto. 
BT (B.W.). 
. . e BequiremenlB ot tJio Intertm-d . _ . . . 
and Prelimlniirr Scientific ExamliiBtlona ot the Unl- 
Toralty o( Londou. and also (or General Ubo, 
NumeroUB DiagrainB and ExampleB. lAno, cloth.. I 
STEWART IB. W.). ATeitBook of Heat, UluB- 



8TILES (AMOS). Tables ror Field Euglneei 
tieofd for U8B m the field. Tablr ^- 



a be found for i 



ElenrldtT, tlSO 

~% clotb 1 

iglneera. Do- 
'rrom whfoh a. 



degree. Also, Tables of Natiml Sines and Taogmu. 

iSmo, mbrooeo, looks J... * 

BTIIXHAN (FAUI.). Sleam EnRioe iDdlcalor sad 

tlie Improfed Manometer Steam and Vacuum 

Oaufres; Ctieir [Ttiilty and AppUcaCIoa. New edition. 

ISmo, flexible oloUi , ,. 1 

RTONE (fieneral ROT). Hew Roods and Rood Laws 

In the Unllsd States. 900 pages, with numerous 

STUART (C, B,. U, », N,>. Lives and WoriiB of CIvU 
and Military Englnpera o( America. Witli 10 steal- 
plate engravlDga. 8v(i,c1otb S 

The NsTfll Dry Dooka of the United Slates. Illns- 

tralsd with 24 fine EogravIneB on SteeL FouTtli 

SWINTOX {AT.AN A. CAMPBKU.]. TheElemeD- 
tnrr Principle of Electric lAglUiag. Illustrated. 

TEMPIJITON ITVM.). The Practical Mechanic's 
Work Bhup Companion. ConyirlBlnea great Yariely 

Science, with cumeroua tables of praotfcal data and 
calculated resulla fadlilating mechanlcai opera- 
tiane. Beiieed and enlarged b; W. 8, HuttoB. 

lUmo, mopocco 2 

TaOM (CHAS.), and WIIXIB S. JOITES. Tele- 
graphic ConnecUans: embracing Recent tlethodn In 
Quadruplpj Tel'-eraphj'. Oblong, 8vo, oloth. as foil 
page platea, acme colored - ■ 1 . 

Art^ A Praciioal Guide for Inventora. Second 

edition. Gro, boards ..,- . 1 i 

Koenlgen Raya and Phenomena of the Anode and 

Cathode Prim Iples, A|>pllciitioiiB and Theories. 
For Students, Teachers, Phraiciais, Photogrophors, 
ElectrltianH and othere, Assieled by LoDla H. 
PfgnoleC, N. D. C. Hodgea, and Ludwig fiatmann, E. 
E. With a Chapter on Generalizations, ATKuments. 
Theories. Kindred BariiatioEs and Phanomena, By 
" )fe8sor Wm. Anthony. Svo, cloth. 60 DlBgrams, 
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TODD (JOHin, and Vf. B. VHAIX. PnctlemI 
EeomuisblpforllBeinthellerchiuitServJee: iDclud- 
iiiff all ordinary subjects; also Bt«am Stiiimaiuililp, 
VTrenk l.[fliDF, AToiaine Collision. Wire Sp IcUiB, D&- 

ELaceDienti and overylnlng necessary to bo kuovn 
f sefvmen of tbe present day, S<H»nd edltioa, vrith 
917 illiulrations and diagrams. 8vo. cloth B 

TOOTHED GEARING. A Practical Hand-book for 
Offices BDd ^\ orkshoDS. By a. Foreman Fatten- 
malipr, ISl IllustrftUow . l3nio, cloth a 

TRATHATf <E. K. BDSSEIX^. Railway TratA BUl 
Track Work. Wllh over two hundred illusUstloBB. 
Sto, cloth S. 

TREVSBT (EDWARD). How to Build DynaniO' 
Electric Moclilaery. eDibrai:lDe Theory DesieolDR 
Mid Construction of Dynamos and Motors. ^Iih 
■ppeadlces OD Field niaeoutaiid Armature WlndfDK, 
HuiBRemrnt of Dynamos and Motors, and I7se^ 
Tables of Wire Q uges. Iltuatrated. gvo, clotb * 

^Electricltirandile Recput Applications, APmo- 

tlcol TreaUse for Stuileuts and Amateura. wllh an 
lUostraWd Dictionary of Electrical Terms and 
Phrases, lUusCraled. IXmo, cloth S 

TCOKRR {Dr. J. H.). AManualof Sueor Analysis, 
IneiudlDg the ApplicntluDs in General of Analyticaj 
Methods totbeSu^nrlDdustiT. With du lutroduo- 
tioQ on the Cbeiuistry of Ojne BuRar. Deztroaa, 
Levulose, and Uiik Sugar. Sfo, cloth. Ulustrated. B', 

TCULIRZ (Dr. O.). Potential and ICa Application to 
the Explanation of Electric Phnrionieiia, Fopiilorlv 
Treated. Translated from the (Seruiau by D. aobert- 
son. lllustratod. 18iDo,clolh t 

TtlNNER (P. A.-). Treatise on RoU-TurnInir (or tha 
Uanufaetureof IrOD. Trnnslnted aud adapted by 
John B. Fearse, of the Fennsyliania Steel Worki, 
with DumeroUB enerailngB, wood-cuts. Bio. cloth, 
with folio atlaa of plates U 

VBQIIHARTC.I. W.t. ElectriD Light Fitting. 
^.j_,__„ '— •■--jonluHiallat' 



bbdylQE Practical Notes on loBtallatian Usnagemeut. 
A Band-book for Working Electrical Englneen— 

—^th numerous llluatratlonB. UJmo, cloth,. f 

Electro-Plating. A Practical Hand-book on the 
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WaEELCB (fror. J. B.l. Art of War. A. C 
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WBIPPLE (S.. C.E.J. AnElomeHtaryandPn 
TrtfStiHe on Uridga Building. Hvo. aioth 

WILKINSON lU. D.>. Submu-lDe Cable-lA7ftw> 1 
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HypsometTf. WltH WualrauvB tabM* J 

and enKravingB, 4to, aotb •* 

mu.IAa»ON (K. B.). Practical Tablee InHate 
rokigy and Hpsometir, In connection Kith tbe n 
ol tGe BBroiuewr. 4U>, cloth 

WII.SON tGtU.). looritanH! ChemlBtry, with H« 
Notatlou. Kuvloed and enlarged byU. a.Mad* 
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WBIOHT (T. W.I. ATrfatise ontheAdjiutmevtjiC ] 
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TOUNO SEAMAN'S MAJjUAL. Compiled frois 
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United Stales Training Ships and the Hariu 
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